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ABSTRACT
Complex structure has been identified as an important resource within forested
landscapes globally, because it provides critical habitat resources for a diverse array
of fauna. Fire regimes have a strong influence on forest structure, and frequent fire,
in particular, has been associated with the simplification of forest structure. In turn
this may lead to the decline of many animal populations. There is some available
evidence that topographically driven variation in fire behaviour can play an
important role in preserving high quality habitat and animal populations within fire
prone landscapes. The aim of this thesis was to assess whether the effects of fires on
forest structure and resident populations of small mammals are dependent upon
landscape context in the eucalypt forests of south eastern Australia. This was
achieved by: (i) examining spatial patterns in fire severity, and identifying
topographic features which consistently mitigate these effects, and (ii) assessing
whether the impacts of fire frequency on elements of forest structure and animal
populations varied with topography. The study focused on small ground dwelling
and arboreal mammals.
Remotely sensed measures of fire severity were used to examine spatial variation in
the severity of four large wildfires which burnt concurrently across a gradient of
mean annual rainfall in the Greater Sydney Basin. Fire severity was strongly driven
by fire weather and mean annual rainfall, with topography and time since fire (fuel
age) having secondary effects. Fire weather was the primary determinant of fire
severity, with severe crown fires typically only occurring under extreme weather
conditions. Interestingly, the effects of time since fire, weather and slope were all
influenced by mean annual rainfall. In areas of low rainfall, sites burnt within the
preceding five years were more likely to experience fires confined to the understory.
However, in areas of high rainfall, time since fire had no apparent effect on fire
severity, and this probably reflected the much faster rates of fuel accumulation in
these more productive areas. The effectiveness of non-extreme weather and steep
slopes at reducing fire severity decreased with increasing annual precipitation,
presumably in response to greater fuel availability. Topographic position had a
vii

consistent effect on fire severity across the study region, with gullies and deep
valleys typically experiencing lower fire severity than ridges, thus supporting the
hypothesis that gullies and valleys may be providing important fixed refugia in the
landscape for a range of fauna.
A set of 49 field sites spanning a range of combinations of fire frequency and
topographic position (gully, ridge) were used to assess forest structure and small
mammal populations. The severity of the most recent wildfire and logging intensity
were also measured at each site, as these were potentially influential disturbances
that varied spatially across the study area. The surveys of forest structure focused on
several habitat elements of key importance to biodiversity, namely tree and log
hollows, log volume and vegetation complexity. Frequent fire reduced vegetation
complexity and the occurrence of hollows in logs, and increased the risk of collapse
for large potentially hollow bearing trees by increasing the occurrence of fire scars.
However, gullies retained high quality habitat irrespective of fire frequency, as a
result of inherent differences in forest structure and the tendency for these areas to
experience patchier burns or remain completely unburnt. The severity of the most
recent wildfire generally had little impact on forest structure, suggesting that the
cumulative impacts of multiple fires have a greater effect on forest structure than the
intensity of the most recent fire. Surveys also revealed that intensive timber removal
reduced the abundance of hollow bearing trees, and increased log volume and the
number of hollow logs, through the removal of trees and input of logging residue,
respectively. Longer term deficits in log volume and log hollows are likely to occur
in the future on sites that have experienced intensive timber removal. This will result
from a reduction in the current volumes of logging residue due to continued
decomposition and consumption by fire, and a decreased input of large logs in the
future as a result of past removal of large trees.
Small ground dwelling and arboreal mammals were surveyed at 26 and 44 sites
respectively, spanning a gradient of topographic complexity. In general, fire
frequency had little effect on fauna abundance, with only the abundance of male
Antechinus stuartii showing a significant positive response to increasing length of
fire interval. Gullies supported a greater abundance of Rattus fuscipes, while the
viii

abundance of Petaurus breviceps was greatest in flat areas. Wildfire severity and
logging intensity did not significantly affect the abundance of the study species. In
general topography appeared to have more influence on fauna populations than fire
frequency. It is likely that the complex topography of the study area, internal
variation of fire intervals within the frequency categories used in the study and the
generally flexible habitat requirements of the species are the main reasons for the
absence of a fire frequency effect.
The results of this study support the hypothesis that gullies play an important role in
mitigating fire effects and preserving structurally complex habitat within the fire
prone temperate eucalypt forests of south eastern Australia. Protecting gullies from
land clearing and timber removal will be an important step in maintaining the
resilience of animal populations dependent on structurally complex forest in these
landscapes. Ensuring that prescribed burns are conducted during periods when there
is a high moisture differential between ridges and gullies will reduce the likelihood
of prescribed fires burning down into gullies, and further protect complex forest
structure in these locations. The need for active fire management aimed at preserving
complex forest structure may be greater in topographically homogeneous landscapes,
due to the lower density of gullies within these areas. These findings are likely to
have broader implications across dry sclerophyll eucalypt forests, which constitute
the bulk of the forested biome in south eastern Australia.
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1 GENERAL INTRODUCTION

1.1

Introduction

Fire plays an important role in shaping global ecosystems, and the biota within them
(Agee, 1993; Bond and van Wilgen, 1996; Bradstock et al., 2002; Perry et al., 2011).
Plant and animal communities can be affected by fire via direct mortality, or
indirectly through the alteration of habitat resources (Whelan et al., 2002). Mortality
within a fire will be strongly dependent upon the spatial characteristics of the fire
(i.e. size and intensity/severity; Whelan et al., 2002; Smucker et al., 2005; Bradstock,
2008), which will be shaped by complex interactions between biotic (fuels) and
abiotic factors (i.e. weather and topography; Catchpole, 2002; Bradstock et al.,
2010). Habitat resources can be altered in the short term by a single fire or over
longer periods as a result of changing fire regimes (Catling, 1991; Gill and Catling,
2002).
Interactions occurring between fire regimes and variations in landscape features are
important in determining patterns of the composition and persistence of biota
(Mackey et al. 2002; Perry et al. 2011; Williams et al. 1994). Frequent fire may have
negative effects on vegetation communities, habitat structure, and animal populations
(Morrison et al., 1996; Gill and Catling, 2002; Andersen et al., 2003; Fuhlendorf et
al., 2006), which may lead to the local extinction of biota (Gill and Bradstock, 1995;
Burbidge, 2003). However, landscape features (e.g. microclimate, fuel, terrain)
capable of altering the behaviour of fires may facilitate species persistence across
landscapes (Mackey et al., 2002). Understanding the extent to which landscape
heterogeneity can shape the response of species to changes in fire frequency will
have important implications for the management of fire (Bradstock et al., 2005; Parr
and Andersen, 2006).
This thesis examines the role the landscape plays in promoting heterogeneous effects
of fire frequency on forest structure and animal populations in the temperate eucalypt
forests of south eastern Australia. Most of these forests are dominated by canopy
xxi

species (Eucalyptus and Corymbia spp.) with the capability to resprout following
high intensity fire (Florence, 1996). This contrasts with the response of many
coniferous tree species, which are generally killed outright by high intensity fire
(Florence, 1996; Bond and Midgley, 2001). Within these forests I studied vertebrate
fauna that are dependent on complex forest structure, as these species have been
identified as being threatened by frequent fire (Catling, 1991; Woinarski, 1999; Gill
and Catling, 2002; Corbett et al., 2003). Hence, examples used in this introduction
will be largely drawn from temperate eucalypt forests, with a focus on fauna
dependent on complex forest structure, though references are made to other systems
where the concepts may be applicable.

1.2

Fire regimes in temperate eucalypt forests of southern Australia

The term ‘fire regime’ refers to the sequence of fires occurring within a defined area
over a discrete time frame, and can be characterised by the intensity, season and fire
type, along with the frequency at which they occur (Gill, 1975). The characteristics
of a fire regime will be shaped by ignition patterns, climate, topography and fuels,
though the relative influence of these factors may vary spatially and temporally
across ecosystems and landscapes (Schoennagel et al., 2004; Seydack et al., 2007;
Bradstock, 2010). Fuels accumulate rapidly within temperate eucalypt forests (Fox et
al., 1979; Birk and Bridges, 1989; Morrison et al., 1996; Penman and York, 2010),
hence wildfire occurrence in these ecosystems is typically not fuel limited, but rather
dictated by weather (Bradstock, 2010).
Forest fire danger index (FFDI) is used to assess fire risk across eucalypt forests, and
is calculated based on drought factor (i.e. measure of fuel and soil moisture deficit),
temperature, relative humidity and wind speed (Noble et al., 1980; Gill et al., 1987).
Values of FFDI generally range between 0 – 100 (Gill et al., 1987), though scores
greater than 100 are possible during extreme weather conditions (McCaw et al.,
2009). Large wildfires are typically associated with days where FFDI values are
greater than 50 (Bradstock et al., 2009). Such days occur during drought, when
humidity is low, and temperature and wind speed are high (Verdon et al., 2004;
Bradstock et al., 2009). Conditions conducive to large wildfires tend to occur on a 5
2

– 10 year cycle in south eastern mainland Australia, in association with drought
related to the El Niño Southern Oscillation cycle (Verdon et al., 2004; Bradstock,
2010).
Fire intensity in temperate eucalypt forests is spatially heterogeneous in response to
variation in fire weather, topography and fuels (Catchpole, 2002; Gill and Catling,
2002; Bradstock et al., 2010). High intensity fires, as with large fires, are generally
associated with ‘extreme’ fire weather (i.e. FFDI > 50; Luke and McArthur, 1978;
Bradstock et al., 2010). Fuels and topography typically have secondary effects on fire
intensity (Bradstock et al., 2010). Fire intensity generally increases with fuel
quantity, provided fuels are sufficiently desiccated (Gill et al., 1987; Catchpole,
2002). Hence, intensity may be greater in long unburnt (Bradstock et al., 2010)
and/or more productive forests (Huston, 2003). Topography will influence fire
behaviour through its effect on fuel (i.e. biomass, flammability and moisture content;
Dickinson and Kirkpatrick, 1985; Catchpole, 2002) and local weather conditions
(Luke and McArthur, 1978). Fire intensity is typically lower in areas with lower solar
radiation (i.e. shaded aspects, gullies; Bradstock et al., 2010) and greater on steep
slopes (Luke and McArthur, 1978; Catchpole, 2002), though the latter may be
dependent upon fuel continuity (Bradstock et al., 2010).
Prescribed burns are regularly applied across temperate eucalypt forests in order to
reduce fuel loads and the risk posed by wildfire to life and property and other assets
such as commercial timber resources (Morrison et al., 1996; Boer et al., 2009; Price
and Bradstock, 2010), and to a lesser extent for ecological purposes (Conroy, 1996).
Fuel reduction burning aims to reduce the biomass of fine fuels and hence fire
intensity, in order to increase the probability of fire suppression (Fernandes and
Botelho, 2003). The rapid accumulation of fuels in eucalypt forests requires fuel
reduction burning to be applied at short intervals (i.e. < 4 years) if fuel biomass is to
be maintained below levels capable of supporting high intensity fire (i.e. <10 tha-1;
Birk and Bridges, 1989; Morrison et al. 1996). However, the application of fire at
short intervals may have negative effects on biota, creating conflicts between the
need to protect life and property and the conservation of biodiversity (Catling, 1991;
Morrison et al., 1996). Ecological guidelines for prescribed burning in New South
3

Wales recommend fire intervals within the range of 5 – 50 years for dry sclerophyll
forest types to 25 – 60 years for wet sclerophyll forest (Kenny et al., 2004).
It is predicted under current climate change scenarios that the occurrence of
‘extreme’ fire weather (i.e. FFDI > 50) and the length of the fire season may increase
in south eastern Australia (Hennessy, 2005; Lucas et al., 2007; Clarke et al., 2011).
This will potentially lead to an increased frequency of fire within temperate forest
ecosystems, and in particular, large, severe wildfires (Cary and Banks, 2000;
Bradstock et al., 2009; Bradstock, 2010).

1.3

Fire regime effects on fauna

Fire may affect animal populations through direct mortality, or indirectly by inducing
changes to habitat which alter a species ability to survive or reproduce (Whelan,
1995). Successive fires may lead to the decline and eventual loss of animal
populations through either: (i) accumulated mortality associated with fires, provided
mortality exceeds population replenishment (Whelan et al., 2002), and/or; (ii)
changes in habitat associated with the fire regime, which can alter reproductive
success and pressures associated with mortality (Catling, 1991; Woinarski, 1999;
Gill and Catling, 2002). In both cases, the frequency of fire and the length of interfire intervals will influence the processes driving population change, and these are
discussed in the remainder of this section.

1.3.1

Inhibition of recolonisation and repopulation

While individual organisms suffer mortality during the passage of fire, it appears that
in situ survival is common (Whelan et al., 2002), even during severe wildfires (Fox,
1978; Banks et al., 2011). Refuge may be available to individuals in the form of nonflammable features (e.g. rock crevices, burrows, drainage lines), tree hollows and
logs, and patches of unburnt or less severely burnt vegetation (Lawrence, 1966;
Friend, 1993; Whelan et al., 2002). The in situ persistence of populations which
survive the passage of fire will be dependent on a species ability to survive and
reproduce in the post-fire environment. For example, it has been observed that small
4

mammal species (i.e. Rattus spp., Antechinus spp.) survive the passage of fire,
though drastic reductions in animal abundance may occur in the following months,
presumably due to increased mortality or emigration associated with low habitat
quality and predation (Christensen and Kimber, 1975; Thompson et al., 1989; Recher
et al., 2009). Unburnt or less severely burnt vegetation may permit the post-fire
survival of some species, provided that there are sufficient resources and protection
from predators (e.g. food, nest sites, shelter; Whelan et al., 2002). This is likely to be
an important resource for the in situ persistence of fauna dependent upon structurally
complex habitat (Burbidge, 2003; Irvin et al., 2003; Bain et al., 2008), though some
species may also be capable of shifting their habitat use in response to fire driven
resource alteration (e.g. Antechinus stuartii; Whelan et al., 1996).
The post-fire recovery of populations within completely burnt areas will be
dependent upon a range of factors, including the recovery rate of habitat, the
availability of individuals to recolonise burnt areas and the reproductive
characteristics of a species. A detailed discussion of these processes is provided in
Whelan et al. (2002), and the key points are summarised below:


Recolonisation and repopulation of completely burnt areas will be limited
prior to the presence of essential habitat resources (food, shelter and nesting
sites) (Whelan et al., 2002). Several studies have provided evidence of this by
highlighting associations between the rate of habitat recovery and population
response following fire (Fox, 1982; Friend, 1993; Monamy and Fox, 2000).
Hence, populations of species dependent upon complex forest structure and
flammable habitat features (e.g. hollows, decayed logs), which may take
several years or decades to replenish following wildfire (Catling et al., 2001;
Eyre et al., 2010), will typically be confined to later post-fire ages (Friend,
1993);



When sufficient habitat resources are available within a burnt area, the rate of
recolonisation will be dependent upon the availability of individuals to
recolonise habitat. This will be directly influenced by the spatial arrangement
of unburnt habitat patches and the fire size (i.e. distance to unburnt edge),
which will determine the dispersal distance required for a species to
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recolonise habitat (Whelan et al., 2002; Burbidge, 2003; do Rosário and da
Luz Mathias, 2007). Theoretically, it is expected that recolonisation will be
more rapid over shorter distances, relative to a species dispersal capability
(Keith et al., 2002; Whelan et al., 2002). Few studies have empirically tested
this, though inverse relationships have been observed between time required
for recolonisation and the distance to unburnt habitat (do Rosário and da Luz
Mathias, 2007). The spatial arrangement of unburnt habitat will be less
important for species capable of long distance movements (e.g. good fliers)
than those with limited dispersal ability (Keith et al., 2002); and


Once recolonisation has occurred within suitable habitat, the rate of
repopulation may be influenced by species fecundity (i.e. number of
offspring, number of litters), the flexibility of their reproductive cycle (e.g.
monoestrous vs polyoestrous; seasonality of reproductive cycle) and age of
reproductive maturity (Friend, 1993; Whelan et al., 2002). For example, small
mammal species occurring at late post-fire stages (e.g. Rattus spp.,
Antechinus spp.) are typically monoestrous and/or have seasonally restricted
breeding patterns, whereas those species occupying early- to mid- post-fire
stages (e.g. Pseudomys spp., several Sminthopsis spp.) typically have high
reproductive output and flexible breeding patterns (Friend, 1993). While
reproductive strategy may determine post-fire trends for some groups (e.g.
small mammals), it may be less important for others (e.g. reptiles and
amphibians) (Friend, 1993).

Population declines, and possibly local extinction, may occur under fire regimes in
which fires are both: (i) extensive and severe so that there is a low density of source
populations from which recolonisation can occur, and; (ii) the interval between fires
is too short to permit inter-fire recolonisation and repopulation. Hence, species
dependent upon structurally complex vegetative habitat (i.e. habitat that takes a long
time to recover following fire; Catling et al., 2001), with poor long distance dispersal
ability (i.e. slow recolonisers) and/or low fecundity and restrictive reproductive cycle
(i.e. slow repopulation rate), are most likely to experience population declines as a
result of frequent large fires (Woinarski, 1999; Keith et al., 2002; Whelan et al.,
2002; Burbidge, 2003).
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1.3.2

Changes to habitat

The spatial arrangement and characteristics of forest structures that provide
important habitat resources (e.g. shelter, breeding sites, food) will be critical in
determining the presence and abundance of fauna (Tews et al., 2004; McElhinny et
al., 2006). Hollows (i.e. cavities in trees and logs), large fallen logs and vegetation
cover are important structural elements of temperate forests, providing a diverse
array of vertebrate fauna with important shelter, foraging and breeding sites (Harmon
et al., 1986; Dickman, 1991; Newton, 1994; Gibbons and Lindenmayer, 2002;
Dickman and Steeves, 2004; Robles et al., 2011). Animal populations and
communities have been found to be strongly influenced by the characteristics of
these resources, whereby greater abundance and diversity of fauna are typically
associated with forests having: (i) a high density of tree hollows (Newton, 1994;
Gibbons and Lindenmayer, 2002; Robles et al., 2011); (ii) a high volume of logs
(Carey and Johnson, 1995; MacNally et al., 2001); and (iii) complex vegetation
structure (MacArthur and MacArthur, 1961; August, 1983; Carey and Harrington,
2001; Catling et al., 2001; Watson et al., 2001). Consequently, the preservation of
these structural features is critical to the conservation of biological diversity in forest
ecosystems (Franklin et al., 2002; Fisher et al., 2006; Lindenmayer et al., 2006).
Fire regimes may partially determine the spatial arrangement and characteristics of
flammable forest structures (Franklin et al., 2002; Gill and Catling, 2002; Friend and
Wayne, 2003). For example, fire may create or enlarge hollows by excavating rot
(Figure 1.1a & b), or by damaging trees, thereby creating points of entry for hollow
forming fungi or invertebrates (Inions et al., 1989; Gibbons and Lindenmayer, 2002;
Koch et al., 2008). However, fire will also consume timber (Knapp et al., 2005;
Hollis et al., 2010; Hyde et al., 2011), directly destroying hollows in trees and fallen
logs (Figure 1.1c) (Inions et al., 1989). Furthermore, fire can kill cambium at the
base of trees (Figure 1.1d) (Gill, 1974), exposing heartwood to the process of decay
and consumption by subsequent fires (Figure 1.1e), which reduces the structural
stability of trees. This will eventually lead to tree collapse (Figure 1.1f) (Whitford
and Williams, 2001; Gibbons et al., 2008), which acts as a mechanism of tree hollow
loss, but will simultaneously provide an input of logs. A range of other factors such
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as wind, insects, self thinning and disease may also increase log input through their
influence on tree mortality, tree collapse and the shedding of branches. Once fallen,
the development of hollows may occur in logs as a result of hollow forming rots
(Grove et al., 2011), though it is believed that these rots largely initiate while trees
are still alive (Bunnell and Houde, 2010). Fire frequency may shift the balance
between the creation and destruction of hollows and large logs, provided fires are of
sufficient intensity to destroy these structures (Friend and Wayne, 2003; Eyre et al.,
2010). Due to the extensive time frames required before trees are able to form
hollows (i.e. > 120 years) (Gibbons et al., 2000b), it is predicted that frequent fire
will lead to a reduction in the availability of log and tree hollows. It is also expected
that log consumption associated with frequent fire will exceed log input, resulting in
a net reduction of log volume. However, in both cases it is likely that these resources
will be preserved in areas that characteristically experience fires that are patchy and
of low intensity.
Repeated short fire intervals may alter the composition of plant species in temperate
eucalypt forests, with obligate seeding shrubs typically being depleted by these fire
regimes, and herbaceous resprouters typically being favoured (Cary and Morrison,
1995; Morrison et al., 1995; Bond and van Wilgen, 1996; Bradstock et al., 1997).
Consequently, forests exposed to frequent fire typically have reduced structural
complexity, as foliage cover within the shrub stratum is typically reduced, and in
extreme cases almost absent (Catling, 1991; Spencer and Baxter, 2006; Tasker and
Bradstock, 2006). Protection may be afforded to obligate seeding shrubs and trees in
habitat burnt patchily at low intensity (Gill and Bradstock, 1995; Clarke, 2002; Ooi
et al., 2006). Therefore, locations that inherently experience patchier fires, and hence
longer fire intervals, may facilitate the persistence of populations of obligate seeding
shrubs depleted by frequent fire (Gill and Bradstock, 1995; Clarke, 2002). It could
also be expected that more complex vegetation structure will be retained at these
locations.
The simplification of forest structure associated with frequent burning is predicted to
lead to declines in the abundance of birds and small ground dwelling mammals
(Catling, 1991; Woinarski, 1999; Gill and Catling, 2002). There is some empirical
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evidence to support these predictions, as several studies have found lower
abundances of small mammal species (e.g. A. stuartii, Rattus fuscipes, Petaurus
breviceps) associated with frequent burning and a reduction in habitat structure
(Corbett et al., 2003; Tasker and Dickman, 2004; Woinarski et al., 2004;
Lindenmayer et al., 2008). However, caution is required when drawing conclusions
from these studies due to acknowledged confounding effects of other variables such
as grazing (Tasker and Dickman, 2004), vegetation type (Lindenmayer et al., 2008)
and time since fire (Corbett et al., 2003; Tasker and Dickman, 2004; Woinarski et al.,
2004; Lindenmayer et al., 2008). Studies controlling for these confounding factors
are particularly needed: this was one of the aims of this thesis.

a)

d)

b)

e)

c)

f)

Figure 1.1 Examples of the creation and destruction of habitat by fire. Log and tree
hollows which have been excavated by fire (a – b) and a log which has been partially
consumed by fire (c). Fire may also initiate the formation of butt damage (d – e),
leading to the eventual collapse of trees (f), which will remove hollow trees but
provide an input of logs.
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1.4

Topography, fire, forest structure and fauna

As discussed above, the effects of fire frequency on habitat structure and animal
populations will be dependent upon the spatial characteristics of fire (i.e. severity and
size) (Whelan et al., 2002), which will be largely influenced by three main factors,
weather, fuels and topography (Catchpole, 2002; Bradstock et al., 2010). While
weather and fuel characteristics are extremely important in determining fire patterns,
they are not temporally and spatially static within the landscape. Topography on the
other hand remains fixed, hence there is likely to be a degree of spatial regularity in
topographic effects on fire behaviour.
Various measures of topography (e.g. topographic position, slope, aspect, elevation)
may influence the probability of that part of the landscape burning (Mermoz et al.,
2005; Penman et al., 2007) and the severity at which it burns (Kushla and Ripple,
1997; Alexander et al., 2006; Holden et al., 2009; Bradstock et al., 2010). Areas with
low exposure to solar radiation (e.g. gullies, moist aspects) may have reduced
evaporation and consequently increased soil and fuel moisture, potentially resulting
in lower fire intensity (Mackey et al., 2002). It is commonly observed across
temperate forest ecosystems, worldwide, that vegetation within riparian areas and
gullies is more likely to remain unburnt or burn at a lower intensity than adjacent
slopes and ridges (Figure 1.2) (Kushla and Ripple, 1997; Taylor and Skinner, 1998;
Beaty and Taylor, 2001; Skinner, 2002; Penman et al., 2007; Thompson and Spies,
2009; Bradstock et al., 2010), though there may be variation in this effect across
ecosystems (Dwire and Kauffman, 2003).
In temperate eucalypt forests, unburnt vegetation associated with gullies and riparian
areas have been observed to provide refugia for fauna, particularly small terrestrial
and arboreal mammals (Fox, 1978; Lunney et al., 1987; Irvin et al., 2003) and birds
(Smith, 1989; Burbidge, 2003), following (and presumably during) fires.
Furthermore, gullies and riparian areas have been associated globally with the
persistence of fire sensitive forest structures (e.g. old growth trees) across temperate
forests (Camp et al., 1997; Mackey et al., 2002; Keeton and Franklin, 2004), and the
persistence of these structures may support populations of fire sensitive fauna
(Mackey et al., 2002). This suggests that gullies may play an important role in
10

mediating the effects of frequent fire on animals across heterogeneous temperate
forest landscapes, via the preservation of key habitat resources (e.g. hollows, logs,
structurally complex vegetation) and hence animal populations. Furthermore, as the
density of unburnt refugia following fires should increase with topographic
heterogeneity (i.e. decreasing ridge – gully distance; Bradstock et al., 2010), it could
be anticipated that the effect of frequent fire on animal abundance will decrease with
increasing topographic heterogeneity.

Figure 1.2 An aerial photograph taken following the Hylands wildfire which burnt
within temperate eucalypt forest of south eastern Australia between December 2001
and January 2002. Fire severity is typically greater on the ridges and upper slopes,
which largely experienced crown scorch (brown) and canopy consumption (black).
Fire severity was generally lower in the gullies and riparian areas, where the canopy
vegetation largely remained unburnt (green) (Source: NSW Office of Environment
and Heritage).
11

1.5

Small- and medium-sized mammals

Small- and medium-sized (i.e. < 3500 g) ground dwelling and arboreal mammal
populations were selected as the focal group for this study as many of these species
possess characteristics that are likely to make them responsive to changes in fire
frequency, including (Catling, 1991; Gill and Catling, 2002; Friend and Wayne,
2003):


an association with flammable habitat features (e.g. hollows, logs) and
complex forest structure (Table 1.1);



a preference for habitat in ‘later’ post-fire stages (i.e. > 5 years post-fire)
(Table 1.1); and



a lower capacity for long distance dispersal, and hence recolonisation
following fire, compared to larger mammals (e.g. macropods) and similar
sized fauna capable of flight (i.e. birds and bats).

Furthermore, many of these species have also been associated with patches of
unburnt vegetation following fires (Table 1.1), suggesting that they could benefit
from the presence of unburnt refugia associated with gullies.
Another important consideration in selecting small and medium-sized mammals as a
study group was that most species typically maintain relatively small (i.e. < 5 ha)
home ranges (Table 1.1). The spatial scale of the fire frequency (i.e. sites typically
located > 200 - 500 m from a fire frequency boundary) and topographic position
(gully – ridge distance typically 200 – 500 m) treatments across the study area were
generally similar to, or greater than, most of these species home ranges. Therefore, it
was thought likely that the mammal populations examined would be responding to
localised changes to habitat, and that the experimental treatments used in this study
thus would be of an appropriate scale for the species studied.
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Table 1.1 Habitat association and characteristics of native small and medium-sized mammals recorded within temperate eucalypt forests
within the study region. Commonly observed responses to fires and sources of refuge are also listed.
Species

Habit

Bush Rat
(Rattus fuscipes)

1

a

Habitat association

Diet

Terrestrial

Complex habitat with
dense shrub and
ground cover and/or
2, 3, 4
.
abundant logs
Burrows and log
hollows are used for
1
shelter

Invertebrates,
fungi,
vegetative
material, fruit
and seed

Swamp Rat
(Rattus lutreolus)

Terrestrial

Dense ground cover
of heath, grass or
1, 12
sedges . Burrows
and log hollows are
1
used for shelter

Brown Antechinus
(Antechinus
stuartii)

Terrestrial/
semi
arboreal

Complex habitat with
dense shrub and
ground cover and/or
3, 4
abundant logs . Log
and tree hollows are
used for shelter and
l, 14
breeding

Largely
consumes
sedges and
grass, though
may
supplement diet
with fruit, seeds
and
invertebrates
Invertebrates

Home
range (ha)
5
0.1 – 1.2

0.2 – 4

5

0.4 – 2.5

15

Litter size
1
(no. per year)
5 (1 - 2)

Population response to
fire
Populations decline in the 12
months following fire,
increase in abundance 3 – 5
years post-fire and reach pre
fire abundance 5 – 8 years
6, 7, 8
. Response is
post-fire
likely to vary depending on
8
fire extent and severity

3 – 5 (1 – 2)

Populations decline in the 12
months following fire,
increase in abundance 2 – 5
years post-fire and reach pre
fire abundance 5 years post6, 7, 8
. Response is likely to
fire
vary depending on fire
8
extent and severity

6 – 8 (1)

Populations decline in the 12
months following fire,
increase in abundance 2 – 4
years post-fire and reach
peak abundance 4 - 6 years
6, 7
post-fire . Response is
likely to vary depending on
8
fire extent and severity

Fire refugia
Could utilise burrows, abiotic features
(e.g. rock outcrops, streams) and
unburnt vegetation to survive the
1, 7, 9
. Unburnt
passage of fire
vegetation, particularly that
associated with moist gullies and
riparian areas, has been observed to
facilitate the in situ persistence post8, 9, 10
. Severely burnt gullies may
fire
have also been found to support in
situ populations post-fire, presumably
via resources provided by abiotic
11
features and woody debris
Could utilise burrows, abiotic features
(e.g. rock outcrops, streams) and
unburnt vegetation to survive the
7, 9
passage of fire . Unburnt
vegetation, particularly that
associated with moist gullies and
riparian areas, has been observed to
facilitate the in situ persistence post7, 8
fire
Could utilise abiotic features (e.g.
rock outcrops, streams) and unburnt
vegetation to survive the passage of
16, 9
fire . Like the closely related
Antechinus agilis, unburnt vegetation
will provide refuge, such as that
associated with moist gullies and
8, 10
riparian areas . Rock outcrops may
also be used for nesting and foraging
16
post-fire

13

Table 1.1 Continued
Species

Habit

Dusky antechinus
(Antechinus
swainsonii)

1

a

Habitat association

Diet

Home
range (ha)
5
0.4 – 1.5

Litter size
1
(no. per year)
6 – 10 (1)

Terrestrial

Complex habitat with
dense shrub and
ground cover and/or
1, 2, 17
.
abundant logs
Nest in shallow
burrows, usually
1
under logs or grass

Largely
consumes soil
invertebrates,
but may
supplement diet
with fruits

Common Dunnart
(Sminthopsis
murina)

Terrestrial

Nests in hollow logs
1
or vegetation

Invertebrates

? < 5 ha

10 (2)

Long-nosed
Bandicoot
(Perameles nasuta)

Terrestrial

Complex habitat with
dense ground
19, 20
, though
cover
open areas may be
1
utilised for foraging

Fungi and
invertebrates

1.5 – 5.2

Feathertail Glider
(Acrobates
pygmaeus)

Arboreal

Tree hollows are
required for breeding
14
and shelter , though
they may utilise other
structures (e.g. old
bird nests or ringtail
1
possum dreys)

Nectar, pollen
and insects

0.4 – 2.1

5

1 – 5 (1 - 2)

5

3 – 4 (1-2)

Population response to
fire
Populations decline in the 12
months following fire,
increase in abundance 5 – 7
years post-fire and reach pre
- fire abundance 7 years
6, 7
post-fire . Response is
likely to vary depending on
8
fire extent and severity
Appears to prefer forest in
mid succession stages
7
following fire . Abundance
peaks between 3 – 5 years
post-fire, after which it
7
declines
Species abundance may be
largely unaffected by time
19, 21, 22
. However,
since fire
foraging signs (i.e. diggings)
have been recorded more
frequently in long unburnt (>
20
20 years) habitat , and less
frequently in recently (< 2
years) burnt habitat
compared to unburnt
23
habitat
Largely unstudied. Evidence
suggests that abundance
will be greater in long
unburnt habitat (>20 years),
though early successional
25
habitat may be utilised

Fire refugia
Could utilise abiotic features (e.g.
rock outcrops, streams) and unburnt
vegetation to survive the passage of
7, 9
fire . Unburnt vegetation, particularly
that associated with moist gullies and
riparian areas, has been observed to
facilitate the in situ persistence post8, 18
fire
Unknown. Could utilise abiotic
features (e.g. rock outcrops, streams)
and unburnt vegetation to survive the
7
passage of fire
Could utilise unburnt vegetation to
survive the passage of fire. There is
some evidence that the species can
construct burrows to survive the
24
passage of fire . Unburnt vegetation
is probably required to facilitate in situ
persistence post-fire

Unknown. Unburnt vegetation is
probably required to facilitate survival
during the passage of fire*
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Table 1.1 Continued
Species

Habit

Sugar Glider
(Petaurus
breviceps)

1

a

Habitat association

Diet

Arboreal

Tree hollows are
required for breeding
14
and shelter . The
species is often
associated with
dense patches of
1
acacia

Yellow-bellied
Glider
(Petaurus australis)

Arboreal

Tree hollows are
required for breeding
14
and shelter . Winter
flowering eucalypts
appear to be
28
important

Greater Glider
(Petauroides
volans)

Arboreal

Prefers mature
1
undisturbed forest
with abundant tree
hollows for breeding
14
and shelter

Invertebrates,
exudates,
nectar and
pollen, sap
from certain
eucalypt
species and
gum produced
by acacias
Invertebrates,
exudates,
nectar and
pollen, sap
from certain
eucalypt
species and
gum produced
by acacias
Eucalypt
leaves

Eastern Pygmy
Possum
(Cercartetus
nanus)

Arboreal/
terrestrial

Tree hollows are
required for breeding
14
and shelter Has
been associated with
certain Banksia and
30
Xanthorrhoea spp.

Nectar and
pollen,
invertebrates
and fruit

Home
range (ha)
26
0.5 – 6

34 – 60

0.7 – 3

26

5

0.2 – 1.7

5

Litter size
1
(no. per year)
1 – 2 (1)

Population response to
fire
Largely unstudied. Evidence
suggests that they may
utilise burnt habitat before P.
25
volans and A. pygmaeus

1 (1)

Largely unstudied. Mortality
during wildfires may be high,
though patchy low intensity
29
fires may have little impact

Unburnt vegetation is probably
required for survival during the
passage of fire*. Unburnt vegetation,
particularly that associated with moist
gullies and riparian areas, has been
observed to facilitate the in situ
27
persistence post-fire

1 (1)

Largely unstudied. Evidence
suggests that abundance
will be greater in long
unburnt (> 25 years)
25
habitat . Others have found
species abundance was
21
largely unaffected by fire .
Impact is likely to be
dependent upon the extent
of canopy damage
Largely unstudied. Species
has been recorded during at
least the first 3 years
following wildfire, suggesting
that it can survive wildfire
30, 31
and utilise burnt habitat

Unburnt vegetation is probably
required for survival during the
passage of fire*. Unburnt vegetation,
particularly that associated with moist
gullies and riparian areas, has been
observed to facilitate the in situ
persistence post-fire

4 (2 – 3)

Fire refugia
Unburnt vegetation is probably
required for survival during the
passage of fire*. Unburnt vegetation,
particularly that associated with moist
gullies and riparian areas, has been
observed to facilitate the in situ
27
persistence post-fire

Unknown. It is likely that unburnt
vegetation and abiotic features (e.g.
rock crevices) will permit survival
during the passage of fire. Species
appears to be capable of in situ
30, 31
survival in burnt habitat
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Table 1.1 Continued
Species

Habit

Common Ringtail
Possum
(Pseudocheirus
peregrinus)

1

a

Habitat association

Diet

Home
range (ha)
5
0.07 – 2.6

Arboreal/
terrestrial

Complex habitat with
1,
a dense shrub layer
19
. Utilises either
dreys comprised of
vegetation or tree
hollows for breeding
14, 32
and shelter

Leaves,
flowers and
fruits

Common Brushtail
Possum
(Trichosurus
vulpecula)

Arboreal/
terrestrial

Tree and log hollows
for breeding and
1, 14
shelter

Leaves,
flowers and
fruits

0.7 – 11

Mountain Brushtail
Possum
(Trichosurus
cunninghami)

Arboreal/
terrestrial

Tree and log hollows
for breeding and
1, 14
shelter

Leaves, buds,
fruits, fungi and
bark

1–7

5

5

Litter size
1
(no. per year)
2 (1 – 2)

1 (1)

1 (1)

Population response to
fire
High mortality during and
following fire may lead to
32
rapid population declines .
Others have found species
abundance was largely
21, 22
.
unaffected by fire
Impact may be dependent
on fire severity, as per the
Western Ringtail Possum P.
33
occidentalis or the
presence of introduced
32, 21
predators
Species abundance may be
21,
largely unaffected by fire
22
. However, other studies
have recorded reduced
abundance in recently (< 2
years) burnt habitat
compared to unburnt
23
habitat
Unknown. Presumably the
same as the T. vulpecula

Fire refugia
Unburnt vegetation is probably
required for survival during the
passage of fire. Unburnt vegetation,
particularly that associated with moist
gullies and riparian areas, has been
observed to facilitate the in situ
18, 22
persistence post-fire

Unburnt vegetation is probably
required for survival during the
passage of fire*. Unburnt vegetation,
particularly that associated with moist
gullies and riparian areas, has been
observed to facilitate the in situ
22
persistence post-fire
Unknown. Presumably the same as
the T. vulpecula

* Due to the species arboreal nature and tendency to take shelter in hollows in the limbs of trees (which may provide protection during the passage of fire, Goldingay and Kavanagh, 1991),
unburnt vegetation will include canopy vegetation which remains unburnt by understorey fires.
1 (Strahan, 1995), 2 (Cork and Catling, 1996), 3 (Catling et al., 2000), 4 (Dickman and Steeves, 2004), 5 (Lindenmayer, 2009), 6 (Fox and McKay, 1981), 7 (Friend, 1993), 8 (Recher et al.,
2009), 9 (Recher et al., 1975), 10 (Irvin et al., 2003), 11 (Banks et al., 2011), 12 (Bennett, 1993), 13 (Dickman, 1991), 14 (Gibbons and Lindenmayer, 2002), 15 (Knight and Fox, 2000), 16
(Whelan et al., 1996), 17 (Claridge et al., 2008), 18 (Fox, 1978), 19 (Catling et al., 2001), 20 (Claridge and Barry, 2000), 21 (Lindenmayer et al., 2008), 22 (Newsome et al., 1975), 23
(Dawson et al., 2007), 24 (Long, 2009), 25 (Braithwaite et al., 1983), 26 (Goldingay and Jackson, 2004b), 27 (Lunney, 1987), 28 (Goldingay, 1992), 29 (Goldingay and Kavanagh, 1991), 30
(Tulloch and Dickman, 2006), 31 (Sutherland et al., 2004), 32 (Russell et al., 2003), 33 (Wayne et al., 2006)
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1.6

Study aims and thesis structure

The aim of this thesis is to assess the role that topography may play in altering and
modulating the effects of frequent fire on both forest structure and small terrestrial
and arboreal mammal populations across eucalypt forest landscapes. The primary
hypotheses addressed in this thesis and the predicted responses are:


The effect of fire weather, topography and time since fire on wildfire severity
will vary with forest productivity, as determined by mean annual rainfall. It is
predicted that higher fuel loads in more productive open eucalypt forest (i.e.
areas receiving higher rainfall) will reduce the effect that several key drivers
(i.e. weather, slope, time since fire) have on fire severity. However, it is
expected that the effect of topographic position will be unaltered due to its
influence on fuel moisture, and that fire severity will be consistently lower
within gullies than on ridges across the study region;



The effect of fire frequency on forest structure (i.e. hollows, log volume,
vegetation complexity) will vary depending on topographic position (i.e.
ridges vs gullies). It is predicted that frequent fire will reduce forest structure
(i.e. hollow abundance, log volume and vegetation complexity) on ridges, but
have relatively little impact in gullies, as fires will typically be patchier and
of lower intensity within gullies; and



The effect of fire frequency on mammal abundance will vary depending on
(i) topographic position (i.e. ridges vs gullies) and (ii) variation in local
topography. It is predicted that frequent fire will reduce the abundance of
small mammals on ridges, but have relatively little impact in gullies, as
habitat within gullies will remain relatively unaltered by frequent fire.
Furthermore, it is expected that frequent fire will reduce mammal abundance
in areas with relatively homogeneous local topography, but have less of an
effect as topographic heterogeneity increases. This will be due to a greater
density of gully environments (i.e. shorter ridge – gully distance), and hence
potential sources of refugia, within topographically heterogeneous
landscapes.
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The effects of logging and the severity of the most recent wildfire were also assessed
in this thesis, as they could not be controlled for in the study design. Logging
practices, including the removal of timber and stand thinning, can affect both forest
structure and animal populations (Lunney et al., 1987; Kavanagh and Stanton, 2005;
Eyre et al., 2010). While the spatial extent and intensity of logging has decreased
across the study area in recent decades (Forests NSW unpublished data), it was
deemed necessary to account for its impact. The severity of the most recent wildfire
occurring within the study region was also spatially variable, and hence was included
as a covariate.
Chapter 2 assesses the relative effects of weather, topography and fuel age on fire
severity, and how these responses are altered within forest landscapes by overall
trends in vegetation productivity as controlled by rainfall. This work provides insight
into how landscape structure and climate variations influence the nature of fire
refugia. This research was conducted in a geographic information system (GIS)
environment and utilises existing fire severity maps derived from SPOT 2 imagery
(Chafer et al., 2004) to build on the earlier work of Bradstock et al. (2010). Chapter 2
has been prepared as a manuscript for submission to the International Journal of
Wildland Fire.
Chapters 3 and 4 assess whether the impact fire frequency has on forest structure is
dependent upon topographic context. Secondary hypotheses relating to the effects of
wildfire severity and logging were also addressed. Chapter 3 focuses upon tree
hollows, log volume and vegetation complexity, which have been identified globally
as three habitat structures of high conservation value within temperate forests
(Franklin et al., 2002; Fisher et al., 2006; Lindenmayer et al., 2006). Chapter 4
provides a case study on the effect of fire regimes on hollows within logs, which is
an important, but relatively unstudied aspect of forest structure. Chapter 3 has been
accepted

for

publication

in

Biological

Conservation

(doi:

10.1016/j.biocon.2012.01.065). Chapter 4 has been accepted for publication with
major revisions in Biological Conservation.
Chapter 5 examines whether the effect of fire frequency on the abundance of several
terrestrial and arboreal small mammals (Figure 1.3) is a function of both in situ and
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neighbouring topographic variation. Secondary hypotheses relating to the effects of
wildfire severity and logging were also addressed, and relationships between animal
abundance and habitat were established. Chapter 5 has been prepared as a manuscript
for submission to Landscape Ecology. Finally in Chapter 6 the various strands of the
thesis are drawn together and general conclusions made.
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a)

b)

c)

Figure 1.3 Three species of small mammal commonly recorded within this study,
namely (a) Antechinus stuartii (Source: Ross Crates), (b) Rattus fuscipes and (c)
Petaurus breviceps.
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2 CAN PRODUCTIVITY INFLUENCE LANDSCAPE CONTROLS ON
WILDFIRE SEVERITY? A CASE STUDY WITHIN TEMPERATE
EUCALYPT FORESTS OF SOUTH-EASTERN AUSTRALIA

2.1

Abstract

Understanding spatial patterns in wildfire behaviour will have important implications
for both biodiversity conservation management and the protection of life and
property. This study examined the effect of weather, topography and fuel age on fire
severity across a gradient of precipitation within temperate eucalypt forests of south
eastern Australia. Two contrasting fire severities were examined: (i) fires confined to
the understorey, which are potentially suppressible, and; (ii) crown fires which
consume all vegetative material less than 10 mm thick. The effect of weather, slope
and time since fire on the occurrence of understorey fire varied with annual
precipitation. Understorey fires were more likely to occur in young fuels (i.e. <5
years since fire) in drier sites, although the effect of fuel age diminished as annual
precipitation increased, possibly reflecting greater rates of fuel accumulation. The
effectiveness of non-extreme weather and steep slopes at confining fire to the
understorey decreased with increasing annual precipitation, presumably in response
to greater fuel availability. Topographic position had a relatively consistent effect on
fire severity across the rainfall gradient with gullies typically experiencing
understorey fire. The effect of weather, topography and fuel age on crown fire
occurrence was largely unaltered by precipitation. Throughout the study area, incised
valleys may provide an important source of refugia for biota intolerant of high
intensity fires. Fuel reduction activities may need to be responsive to spatial variation
in annual precipitation.

2.2

Introduction

Large wildfires show considerable spatial variability in severity (i.e. the degree of
vegetation damage or consumption) across temperate forest ecosystems (Bradstock,
2008; Schoennagel et al., 2008). Ecologically, this variability may be beneficial as it
can create heterogeneity in forest structure (Franklin et al., 2002) and ecosystem
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function (Schoennagel et al., 2008). Furthermore, the spatial arrangement of unburnt
and low severity patches may influence the resilience of fire sensitive biota through
the provision of fire refugia (Camp et al., 1997; Mackey et al., 2002). Conditions
associated with low severity fire (e.g. moderate fire weather, riparian areas, young
fuels) may provide potential points of fire suppression (Luke and McArthur, 1978;
Kauffman, 2001), while crown fires occurring at the bushfire-urban interface can
have disastrous implications in terms of loss of life and property (Wilson and
Ferguson, 1986). Hence, understanding factors driving patterns in fire severity will
be of importance from both an ecological and risk management (i.e. fuel reduction,
fire suppression) perspective.
Weather, fuel characteristics and topography are important drivers of fire severity in
temperate forest ecosystems (Collins et al., 2007; Thompson and Spies, 2009;
Bradstock et al., 2010; Perry et al., 2011). However, there may be considerable
variation in the relative influence of these variables on fire regimes in response to
landscape productivity (Schoennagel et al., 2004; Bradstock, 2010; Perry et al.,
2011). For example, the production of plant biomass, and hence fuel loads and
connectivity, may increase with annual precipitation (Huston, 2003; Govender et al.,
2006; Bradstock, 2010). Increased fuel production will potentially reduce the range
of post-fire ages in which fuel hazard is low or moderate, and hence resultant
relationships between fire severity and fuel age.
Quantification of fire severity patterns across gradients of precipitation will typically
require measurement of fire severity over large areas (i.e. areas upwards of 100, 000
ha). Remote sensing offers the opportunity to undertake such measurements through
the use of satellite imagery (Lentile et al., 2006). Previous studies have found a high
degree of correlation between remotely sensed indices of reflectance change (e.g.
Normalised Difference Vegetation Index, difference Normalised Burn Ratio) and
field based measures of vegetation consumption (Chafer et al., 2004; Hammill and
Bradstock, 2006; Keeley, 2009). Additionally, fire intensity may be inferred from
these measures of fire severity, due to correlation between these measures within
distinct vegetation communities (Keeley, 2009). Remotely sensed indices of
reflectance change have been frequently utilised to identify variables driving spatial
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patterns of fire severity across forest landscapes (Collins et al., 2007; Bradstock et
al., 2010; Murphy and Russell-Smith, 2010).
Bradstock et al. (2010) utilised remotely sensed patterns of fire severity to examine
the relative effect of weather, topography and fuel age on the severity of two large
fires (>40 000 ha) occurring near Sydney, Australia. The analysis revealed that fire
weather was the dominant driver of severity across both fires, with topography and
fuel age having secondary effects. It was suggested that these relationships would
have broader generality across the dry sclerophyll forests of the region (Bradstock et
al., 2010). The present study aims to test these conclusions, by examining whether
the effect of weather, topography and fuel age on fire severity varies across a
gradient of annual precipitation. Additionally, the implications of extrapolating
predictive models across landscapes in light of such spatial variation were examined.
We focused our study on four wildfires occurring within the Sydney region during
summer 2001/02, which included the two fires examined by Bradstock et al. (2010).
These fires present a unique opportunity to test these questions using a set of fires
which burnt concurrently under similar climatic and topographic conditions across a
gradient of rainfall and likely vegetation productivity.

2.3

Methods

2.3.1

Study area

The study focused on areas within the Sydney region of south-eastern Australia
which were burnt during the summer of 2001/02 (Figure 2.1). The region is
characterised by large areas of urban development surrounded by expanses of natural
bushland. The dry sclerophyll eucalypt forests covering much of this area are highly
flammable and characterised by rapid fuel accumulation (Fox et al., 1979; Morrison
et al., 1996), which accompanied with periodic conditions of drought and extreme
fire weather, make this region prone to recurrent large wildfires (Bradstock et al.,
2009).
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The region is characterised by a warm temperate climate, with mean maximum
monthly temperatures ranging from 25ºC to 31ºC in summer and mean minimum
monthly temperatures ranging from 2ºC to 10ºC in winter. A gradient of decreasing
annual rainfall typically occurs from east to west, inland from the coast. Near the
coast (i.e. Sutherland and Wollongong landscapes) rainfall ranges from ~900 mm to
1500 mm but further west on the margins of the Blue Mountains (i.e. Mt Hall and
Nattai landscapes) rainfall ranges from ~600 mm to 1000 mm (BOM, 2010). These
respective patterns of long- term average rainfall characterised the areas used in this
study (Figure 2.1).

Figure 2.1 Location of the study area.
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The topography of the region is heterogeneous, consisting of ridges and plateaus that
are dissected by complex networks of gullies, narrow gorges and canyons. The
average ridge - gully distance across the study area is approximately 400 m
(Bradstock et al., 2010). Terrain becomes more deeply incised from the coast to the
foothills of the Blue Mountains. This is reflected by the greater average slope and
topographic position values (i.e. difference between site elevation and highest
elevation within the surrounding 1 x 1 km window) in the Mount Hall and Nattai
landscapes compared to Sutherland and Wollongong (Table 2.1).
Vegetation across the study area is dominated by dry sclerophyll forest and
woodland communities with an open canopy dominated by Eucalyptus, Corymbia
and Angophora species (Keith, 2004). Variation in structure and composition of
these communities across the landscape are driven largely by precipitation and soil
productivity (Fairley and Moore, 2000). Canopy height typically ranges from 10 m
on the ridges to greater than 30 m on the lower slopes and gullies. The understorey is
generally up to 4 m tall, shrubby and dominated by Leptospermum, Banksia, Acacia
and Hakea species (Fairley and Moore, 2000).

Table 2.1 Mean (± s.e.) of slope, topographic position and annual rainfall from
sample points taken from each of the study fires
Fire

n

Slope (°)

Mt Hall
Nattai
Sutherland
Wollongong

692
577
582
468

19.81 ± 0.44
19.21 ± 0.45
9.34 ± 0.26
10.64 ± 0.36

2.3.2

Topographic
position
72.66 ± 2.12
101.35 ± 3.78
39.48 ± 0.95
43.23 ± 1.33

Annual rainfall
(mm)
891.12 ± 3.87
816.89 ± 2.56
1220.70 ± 5.23
1268.81 ± 5.71

The Sydney 2001/02 fires

The study focused upon the Mt Hall, Nattai, Sutherland and Wollongong fires, which
were four large fires (>40, 000 ha) that burnt during late December 2001 and early
January 2002 (Figure 2.1). All four fires burnt under ‘extreme’ weather conditions
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(temperature ~30 - 35°C; relative humidity 7 - 15%; wind speed 30 - 40 km h-1) on
the 25th of December. Weather conditions eased between the 27th and 30th of
December (temperature 20 - 30°C; relative humidity 20 - 60%; wind speed 10 - 30
km h-1), resulting in more moderate fire behaviour (Bradstock et al., 2010). Chafer et
al. (2004) used SPOT 2 (Satellite Pour l’Observation de la Terre) imagery to map the
severity of these fires using differenced Normalised Difference Vegetation Index (20
m spatial resolution), which was subsequently classified into six severity classes
based on on-ground measures of vegetation consumption. The classification had at
least 88% accuracy (Chafer et al., 2004), with independent verification finding high
levels of agreement (Hammill and Bradstock, 2006). Bradstock et al. (2010)
subsequently utilised this severity mapping to examine the relative influence that
weather, time since fire, topographic position, slope and aspect had on patterns of
fire severity for the Mt Hall and Nattai fires (Figure 2.1).
Our study utilises fire severity mapping derived by Chafer et al. (2004) to examine
variations in the effect of weather, topography and fuel age on fire severity across a
gradient of annual precipitation. Six severity classes were mapped: (1) canopy
consumed, (2) canopy partially consumed, (3) understorey fire with complete canopy
scorch (>70% burnt), (4) shrubs mostly burnt (80-100%) with partial canopy scorch
(0-70% burnt), (5) ground cover burnt, shrubs largely unburnt (>80%) with no
canopy scorch and (6) understorey unburnt (Chafer et al., 2004; Hammill and
Bradstock, 2006). Binary reclassification was undertaken as per Bradstock et al.
(2010) to permit two separate analyses:


Understorey fire (UF): areas within the burn perimeter that experience fires
confined within the shrub layer or where the shrub and ground layer remains
partially or completely unburnt (1: classes 3,4,5,6; 0: classes 1,2). These fires
are of low to moderate intensity (i.e. < 1500 kWm-1) and are considered as
being potentially suppressible. They will also often provide unburnt refugia
for fauna; and



Crown fire (CF): areas where fire has burnt within the tree canopy,
consuming all leaves (1: class 1; 0: classes 2,3,4,5,6). These fires burn at
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intensities at which fire suppression is not possible (10, 000 – 70, 000 kWm-1)
(Bradstock et al., 2010).
Although it would have been desirable to break the data down further into burnt
vs. unburnt patches in order to identify where unburnt refugia may occur, this
was not possible due to the small area of unburnt vegetation within the fire
perimeter. However, as the understorey fire grouping contains classes in which
the shrub and ground layers remained partially (classes 4 and 5) or completely
unburnt (class 6), this analysis will provide insight in regards to the variables that
are influential in determining the location of refugia.

2.3.3

Explanatory variables

A combination of fire progression data and daily weather observations were utilised
in order to identify the climatic conditions under which different parts of the study
area burnt. Meteorological data from Penrith Lakes (station number 67113) and
Sydney Airport (station number 66037) weather stations (Figure 2.1) were used to
calculate daily estimates of the McArthur Forest Fire Danger Index (FFDI), which is
commonly used to assess fire risk across eucalypt forests (Noble et al., 1980). Fire
weather was subsequently classified as either extreme (EX - maximum FFDI 60 100) and non-extreme (NEX - maximum FFDI < 30) (Bradstock et al., 2010). A
combination of MODIS satellite imagery, NOAA hotspot data, web fire mapper
(http://firefly.geog.umd.edu/firemap/) and written accounts (NSW Rural Fire Service
unpublished data) were used to digitise progressive boundaries of the fires, and
subsequently identify areas that burnt under EX (1100 hrs - ~1800 hrs 25 December)
and NEX (1100 hrs 27 December – 1100 hrs 31 December) weather. The use of
MODIS imagery and hotspots has been found to provide estimates of fire
progression that are comparable to on-ground mapping (Bradstock et al., 2010). In
order to increase sample size for NEX observations in the Sutherland fire additional
areas that burnt under NEX weather (FFDI < 20) between the 3rd and 6th of January
2002 were included. These areas were identified using hotspots and fire progression
records (NSW Office of Environment and Heritage unpublished data).
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Three measures of topography were used in our analysis, namely topographic
position, slope and aspect (Table 2.2). These layers were generated using digital
elevation models obtained from the NSW Office of Environment and Heritage
(OEH). Topographic position (TOPOS) was calculated as the difference in elevation
(metres) between a pixel and the highest local point within a surrounding 1000 m x
1000 m sample window, following the methods of Bradstock et al. (2010). This
provides a continuous measure of topographic position in which ridges are typically
represented by small values and gullies are represented by high values. Slope was
calculated using the Spatial Analyst Tool in ArcGIS (9.2). Aspect was calculated as a
continuous measure relative to north as described in Penman et al. (2007), which
resulted in values ranging from 0º to 180º (i.e. values approaching 0 represent
northerly aspects, values approaching 180 represent southerly aspects).
Digitised fire history records (NSW OEH unpublished data) were used to create a
layer of time since fire (TSF) for the period between 1976 and 2001. A logarithmic
transformation (i.e. log[x+1]) was performed to TSF, due to the non-linear trend in
fuel accumulation (Bradstock et al., 2010). Mean annual rainfall for the period
between 1977 and 2001 was calculated using monthly rainfall GRIDs obtained from
the Bureau of Meteorology (http://www.bom.gov.au/jsp/awap/ accessed 2nd February
2010). Details of the derivation of the monthly GRIDs are provided in Jones et al.
(2009). A proportional measure of annual rainfall (RAIN) was calculated by dividing
the annual rainfall for a sample point by the mean of all sample points (mean = 1032
mm).
A grid of data points with 400m spacing was generated using ‘Hawths Tools’ (v3.27)
in order to sample variables used in the analysis. Spacing of 400m was utilised by
Bradstock et al. (2010), as it represents the typical ridge – gully distance across the
study area, and hence the spatial grain at which fire severity consistently varies.
Sampling was restricted to dry sclerophyll forest vegetation communities, as defined
by Tindall et al. (2004), occurring within relatively undisturbed vegetation located in
National Parks, water catchments and military areas. Sampling was excluded from
within 40m of fire trails and roads, 60m of powerlines, 20m of significant water
bodies (i.e. dams, lakes, rivers with pooled water) and 100 m of conservation area
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boundaries. Data was extracted from layers of fire severity, weather, terrain, time
since fire and precipitation at each sample point using the Spatial Analyst Tool in
ArcGIS (9.2).

Table 2.2 Predictor variables used in the regression analysis
Variable
WEATHER
RAIN
TSF
TOPOS
SLOPE
ASPECT
SLRV

2.3.4

Description
Fire weather:
Extreme (EX): maximum FFDI >60
Non-extreme (NEX): maximum FFDI <30
Mean annual rainfall (1976-2001), data
were calculated as a ratio (/dataset mean)
for analysis
Time since fire, Ln(x+1) transformed
Topographic position (see text)
Slope (°)
Aspect relative to north (see text)
Spatially lagged response variable (see
text)

Format
Categorical

Range
-

Continuous

663 - 1532

Continuous
Continuous
Continuous
Continuous
Continuous

0 - 25
0 - 393
0 - 72
0 - 180
-1.8 - 3.5

Data analysis

Logistic regression was used to model the probability of occurrence of understorey
fire (UF) and crown fire (CF) across the region. Three quarters of the sample data
were randomly selected and used in the modelling process. Within each severity
response (i.e. UF, CF) two separate models were generated: (i) a model examining
the influence of fire severity drivers (i.e. WEATHER, TOPOS, SLOPE, ASPECT
and TSF) across the region (Region model) using pooled data from all four study
fires, and; (ii) a model examining variation in the effect of fire severity drivers in
interaction with variation in precipitation (Precipitation model). The two different
models were derived so that we could assess whether the inclusion of precipitation
effects would increase the predictive accuracy of the models. The ‘Region model’
was derived first. All combinations of weather, topographic position, slope, aspect
and time since fire were assessed using Akaike’s information criterion (AIC).
Models within two AIC points of the lowest AIC score were considered as plausible
alternatives, with parsimonious models being selected preferentially (Quinn and
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Keough, 2002). The ‘Precipitation model’ was subsequently derived by examining
all possible first order interactions between mean annual precipitation (RAIN) and
the variables contained in the preferred ‘Region model’. Models were assessed using
the AIC model selection procedure described above. Models were graphically
represented using probability plots.
The discriminative ability and predictive accuracy of each model was examined
using the remaining quarter of each data set. Discriminative ability of the models was
assessed using Receiver Operating Characteristic area under curve (ROC AUC). A
ROC AUC value of 1 indicates that a model has perfect discrimination, while a value
of 0.5 would be the equivalent of a random guess (Pontius and Schneider, 2001). The
predictive accuracy of the models was assessed by calculating the proportion of data
points for which a fire severity class was correctly assigned by each model. This was
undertaken using a model cut-off point of 0.5 (i.e. predicted probability <0.5 was
classed as 0; predicted probability ≥0.5 classed as 1). Model derivation, probability
plots and ROC AUC analyses were done using the software package R v 2.11.1 (R
Development Core Team 2010). The package ‘ROCR’ was used to calculate ROC
AUC and predictive accuracy. Pearson correlation coefficient and variance inflation
factor were used to test for correlation and multi-collinearity between variables
respectively. If multi-collinearity was identified as a potential issue for a pair of
predictors then they would not be included in the same model. Correlation
coefficients between predictor variables were generally small (i.e. <0.5), and
coefficient estimates did not vary significantly when correlated variables were added
to the same model, hence correlation were assumed to be absent.
The classified fire severity data (i.e. six ordinal categories of severity) was assessed
for spatial autocorrelation using Moran’s I. A spatial variogram indicated that data
were spatially autocorrelated up to a distance of 12 000 m, which roughly equates to
the size of the sampling area within each fire. This suggests that spatial
autocorrelation was only an issue within the perimeter of individual fires. A spatially
lagged response variable (SLRV) was derived from the classified fire severity data,
which involved calculating the sum of the weighted response within a 12 000 m
neighbourhood of each site, whereby the weighting factor was the inverse distance
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between two data points. The SLRV was fitted as a model term, in order to adjust
model coefficients of predictors to account for the effect of spatial autocorrelation
(Haining, 2003).

2.4
2.4.1

Results
Understorey fire

Understorey fire (UF) and crown fire (CF) were recorded at 41% and 24% of the
2320 sites respectively (Table 2.3). There was a reasonable spread of sample points
within the different levels of fire weather (WEATHER), topography (TOPOS,
SLOPE, ASPECT) and time since fire (TSF) across the range of annual precipitation
(RAIN; Table 2.3), indicating that the dataset was robust enough to assess
interactions involving precipitation.
The selected UF model for the ‘Region’ contained weather, topographic position,
slope and time since fire (Table 2.4). Weather had the greatest effect on the
occurrence of understorey fire, with fuel age and topography having secondary
effects (Figure 2.2a-c). Areas burning under non-extreme (NEX) weather were likely
to experience an understorey fire, while areas burning under extreme (EX) weather
conditions were not (Figure 2.2a-c). There was a negative relationship between time
since fire (TSF) and UF, indicating that recently burnt areas (i.e. 0-5 years) were
more likely to experience UF (Figure 2.2a). Slope had a positive effect on UF (i.e.
UF more likely on steeper slopes) (Figure 2.2b), while topographic position
(TOPOS) had a negative effect (i.e. gullies more likely to experience UF than ridges)
(Figure 2.2c).
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Table 2.3 Sample sizes and occurrence of different fire severity classes (UF, CF) for
predictor variables used in the analysis. Data has been divided into precipitation
classes.
Precipitation (mm)
<850

Variable
WEATHER
ASPECT
SLOPE

TOPOS

TSF

851 - 1150

WEATHER
ASPECT
SLOPE

TOPOS

TSF

>1150

WEATHER
ASPECT
SLOPE

TOPOS

TSF

Level
EX
NEX
N (0-90)
S (91-180)
0-10
11-25
>25
0-50
51-100
>100
0-7
8-15
>15
EX
NEX
N (0-90)
S (91-180)
0-10
11-25
>25
0-50
51-100
>100
0-7
8-15
>15
EX
NEX
N (0-90)
S (91-180)
0-10
11-25
>25
0-50
51-100
>100
0-7
8-15
>15

n
419
235
350
304
174
292
188
259
161
234
75
66
513
564
388
542
410
330
425
197
508
298
146
43
296
613
293
420
410
303
446
247
20
489
201
23
52
192
469

UF
102
194
154
142
65
118
113
87
73
136
49
26
221
82
298
209
171
101
184
95
166
147
67
29
99
252
28
239
147
120
159
96
12
174
82
11
10
55
202

CF
109
3
59
53
39
56
17
72
26
14
2
12
98
230
13
141
102
115
103
25
161
66
16
3
69
171
144
49
106
87
125
66
2
141
51
1
11
57
125
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Table 2.4 Model coefficients for the preferred understorey fire (UF) models
Model term
Region model
Intercept
SLRV
WEATHER (NEX)
TOPOS
SLOPE
TSF
Precipitation model
Intercept
SLRV
WEATHER (NEX)
TOPOS
SLOPE
TSF
RAIN
RAIN:WEATHER (NEX)
RAIN:SLOPE
RAIN:TSF

Coefficient

S.E.

z - value

P - value

-0.337
0.919
2.162
0.008
0.040
-0.826

0.386
0.105
0.195
0.001
0.007
0.133

-0.874
8.740
11.107
6.591
5.584
-6.194

0.382
0.000
0.000
0.000
0.000
0.000

5.921
0.754
5.075
0.009
0.125
-3.780
-6.606
-2.607
-0.092
3.044

1.738
0.112
0.827
0.001
0.034
0.627
1.832
0.783
0.035
0.630

3.407
6.731
6.133
6.850
3.645
-6.024
-3.605
-3.331
-2.593
4.834

0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.010
0.000

Inclusion of interactions involving annual precipitation (RAIN) improved the fit of
the UF model (i.e. ∆AIC 24.2) (Table 2.5). RAIN altered the effect TSF, WEATHER
and SLOPE had on the probability of UF (Table 2.4). The significant interaction
between RAIN and TSF indicates that in areas of the landscape receiving relatively
low annual precipitation, UF was more likely to occur in younger fuel ages (0 - 5
years) (Figure 2.2d). However, as annual precipitation increased (i.e. >1000 mm),
TSF had little effect on the probability of UF (Figure 2.2d). Under NEX weather
conditions the positive effect slope had on UF decreased as annual precipitation
increased (Figure 2.2e). The probability of UF under NEX weather was lower (0.1 0.2) in areas receiving high annual precipitation (i.e. >1000 mm) compared to those
areas receiving low annual precipitation (i.e. <1000 mm) (Figure 2.2f). Under EX
weather the probability of UF was low regardless of annual precipitation (Figure
2.2f).
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Figure 2.2 Predicted probability plots for understorey fire models. Variables
included in the preferred models (Table 2.4) but not shown in a plot were defined as
TSF = 15, SLOPE = 15, TOPOS = 10, SLRV = 0.01. RAIN values are a proportion
of the mean annual rainfall (mean = 1032 mm).

2.4.2

Crown fire

Crown fire (CF) was unlikely to occur under NEX weather conditions (Figure 2.3ac). Under EX weather CF only occurred under certain conditions (i.e. long unburnt
ridges) (Figure 2.3a-c). TSF had a positive effect on the probability of CF, indicating
that long unburnt (i.e. >10 years) areas were more likely to experience CF when
burning under EX weather conditions (Figure 2.3a). CF had a negative relationship
with slope (flat areas more likely to experience CF under EX weather) (Figure 2.3b)
and a positive relationship with topographic position (i.e. ridges more likely to
experience CF under EX weather) (Figure 2.3c). Inclusion of interactions involving
annual precipitation (RAIN) only slightly improved the fit of the CF model (i.e. ~ 2
point reduction in AIC) (Table 2.5). The effect of this interaction was small, as the
probability of CF only increased slightly with increasing rainfall under NEX weather
(Figure 2.3d).
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Table 2.5 Preferred logistic regression models and measures of their discriminatory
ability and predictive accuracy
Model
Model terms
Understorey fire
Region
SLRV+WEATHER+TOPOS+SLOPE
+TSF
Precipitation SLRV+RAIN*(WEATHER+SLOPE+TSF)
+TOPOS
Crown fire
Region
SLRV+WEATHER+TOPOS+SLOPE
+TSF
Precipitation SLRV+RAIN*(WEATHER)+SLOPE+TSF
+TOPOS

AIC

ROC

Accuracy

1502.8

0.849

0.765

1478.7

0.851

0.763

1381.9

0.871

0.832

1379.8

0.878

0.829

Table 2.6 Model coefficients for the preferred crown fire (CF) models
Model term
Region model
Intercept
SLRV
WEATHER (NEX)
TOPOS
SLOPE
TSF
Precipitation model
Intercept
SLRV
WEATHER (NEX)
TOPOS
SLOPE
TSF
RAIN
RAIN:WEATHER (NEX)

Coefficient

S.E.

z - value

P - value

-3.346
-0.792
-1.800
-0.014
-0.024
1.222

0.481
0.112
0.218
0.002
0.009
0.158

-6.953
-7.106
-8.239
-6.752
-2.856
7.741

0.000
0.000
0.000
0.000
0.004
0.000

-3.386
-0.757
-3.799
-0.014
-0.023
1.231
0.019
1.706

0.652
0.120
0.962
0.002
0.009
0.158
0.451
0.824

-5.192
-6.304
-3.948
-6.768
-2.581
7.770
0.042
2.070

0.000
0.000
0.000
0.000
0.010
0.000
0.967
0.038

The predictive performance (i.e. ROC AUC and accuracy) of both sets of models
was strong, with both UF and CF models showing a high discriminatory ability (i.e.
ROC ~ 0.85) and predictive accuracy (~ 80%) (Table 2.5). The inclusion of the
RAIN interactions did not improve the predictive performance of models (Table 2.5).
This was surprising for UF as the model containing RAIN interactions had a much
better fit (24.2 point reduction in AIC; Table 2.5). The strong demarcation in the
probability of UF in response to weather (i.e. p >0.5 under NEX; p <0.5 under EX)
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(Figure 2.3a-f) suggests that a high degree of predictive accuracy will come from
simply knowing the weather conditions under which a landscape burnt. Hence
increasing model complexity by including RAIN interactions is unlikely to lead to
drastic improvements in model performance.

Figure 2.3 Predicted probability plots for crown fire models. Variables included in
the preferred models (Table 2.6) but not shown in a plot were defined as TSF = 15,
SLOPE = 15, TOPOS = 10, SLRV = 0.01. RAIN values are a proportion of the mean
annual rainfall (mean = 1032 mm).

2.5

Discussion

The results of our study indicate that the effects of weather, slope and fuel age on fire
severity vary spatially with mean annual precipitation across the relatively
homogeneous expanse of dry sclerophyll forest within the Sydney region of south
eastern Australia. However, despite this variation, the overall performance of models
for prediction of the probability of suppressible understorey fires (UF) or
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‘catastrophic’ crown fires (CF) was not strongly affected by the inclusion of
precipitation as predictor: i.e. all models displayed high levels of discrimination
(ROC ~ 0.85) and accuracy (~ 80%). Generic models derived from a broad
aggregation of regional data will have utility across the Sydney region in terms of
predicting general patterns in understorey (UF) and crown fire (CF) occurrence, as
concluded by Bradstock et al. (2010). Nonetheless, models which include
precipitation will have greater discrimination in the prediction of understorey fires as
a function of fuel age, particularly when fuel ages are low (Figure 2.2a & d). While
such effects are relatively subtle compared to the dominant effect of weather on
severity, they have important management consequences.
Our results are consistent with the hypothesis that fire severity will be elevated at
higher levels of precipitation, compared with lower precipitation (i.e. probability of
understorey fire was reduced by increasing levels of precipitation; Figure 2.2). It
therefore is likely that the greater capacity for young fuels (i.e. 0 – 5 years since fire)
to reduce fire severity in the drier locations of our study area is related to lower
biomass production, whereas the absence of a fuel age effect in the wetter areas
reflects greater biomass production. While high moisture availability may also limit
fire intensity through a lack of fuel desiccation (Catchpole, 2002), drought in the
months preceding the 2001/02 Sydney fires ensured sufficient desiccation of fuel
across much of the study region (Chafer et al., 2004; Caccamo et al., 2011).
Our results suggest that there may be a shifting window of effectiveness of
prescribed burning across the dry sclerophyll forests and woodlands of the study
region. Within the drier areas, it appears that following fuel reduction burns there
may be a ~0 - 5 years window within which fire intensity is reduced to a potentially
suppressible intensity (i.e. UF). This supports the general consensus that fine fuels
will approach pre-fire levels 2 – 5 years following fire in dry sclerophyll forests and
woodlands (Fox et al., 1979; Morrison et al., 1996; Penman and York, 2010). This
window of effectiveness appears to become shorter as annual rainfall increases
(Figure 2.2d). Fire management programmes will need to be responsive to such
spatial variation in the effectiveness of fuel reduction (Schoennagel et al., 2004). For
example, if prescribed burning only reduces fire severity to potentially suppressible
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levels within the first couple of years following fire, extending the width of
mechanically managed asset protection zones may be a more effective option in
many parts of the landscape (e.g. adjacent to property) to manage fire risk, compared
with alternatives such as prescribed burning.
The varied effect of both weather and slope on the occurrence of understorey fire
across the gradient of precipitation also probably reflects changes in fuel biomass.
Our results found that fires burning under NEX weather were more likely to reach
the canopy in areas of high precipitation (Figure 2.2f). It is likely that greater fuel
loads, including a well developed mid-layer of sclerophyllous shrubs, associated with
increased precipitation are responsible for this trend. Fire behaviour models for
eucalypt forest predict that if weather (i.e. FFDI) is held constant, fire intensity will
be greater under higher fuel loads (Gill et al., 1987), which supports our explanation.
Steep slopes were found to increase the probability of a fire being confined to the
understorey (UF) under NEX weather in areas of low precipitation, which may be
due to discontinuous fuels associated with rock outcropping on steep slopes
(Bradstock et al., 2010). However, the effect of slope on UF decreased as annual
precipitation increased. It is possible that greater fuel production associated with
higher rainfall may have maintained a greater degree of fuel continuity on steep
slopes. Slope did not have a strong influence on the probability of crown fire,
suggesting that other factors (i.e. weather, topographic position, time since fire) were
more influential (Bradstock et al., 2010).
Topographic position appeared to have a consistent effect on fire severity across the
region, whereby gullies typically experienced fires confined to the understorey,
regardless of weather (Figure 2.2). Ridges typically experienced more severe fire,
and crown fire generally only occurred on long unburnt ridges under extreme fire
weather. Reduced fire severity and fire occurrence within gullies and riparian areas is
commonly reported in temperate forests (Taylor and Skinner, 1998; Beaty and
Taylor, 2001; Penman et al., 2007), although variation in this trend may occur across
landscapes and fire events (see Dwire and Kauffman, 2003). Greater fuel moisture
and reduced wind exposure within gullies are the most probable explanations for the
patterns observed in our study (see Bradstock et al., 2010 for discussion).
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The consistent mitigating effect gullies have on fire severity has important
management implications. Ecologically it suggests that gullies may provide a
consistent source of fire refugia for biota favouring patches of unburnt or less
severely burnt habitat for persistence, such as small mammals and birds dependent
upon structurally complex forest (Lunney, 1987; Smith, 1989; Gill and Bradstock,
1995). Riparian areas may also provide strategic points at which fires may be more
readily suppressed under favourable weather conditions (i.e. NEX weather)
(Kauffman, 2001), provided that they are accessible. Anthropogenic disturbances
(e.g. logging) within gullies may alter fuel characteristics (e.g. increased fuel loads
and desiccation) and consequently fire behaviour (Kauffman, 2001; Dwire and
Kauffman, 2003; Lindenmayer et al., 2009a). Hence, managing landscapes such that
‘unnatural’ anthropogenic disturbances are minimised within gullies is likely to be
important in order to maintain the utility of these areas as biodiversity refugia and
strategic points for fire suppression.
Fire suppression activities (i.e. backburning, aerial water bombing, on-ground fire
fighting), which may influence patterns in fire severity, were not accounted for in our
analysis. Suppression is potentially effective when fire intensity is less than about
3,000 kW m-1 (Gill et al., 1987) which transcends the understorey fire severity (UF)
used in our study (UF < ~1500 kWm-1intensity). Thus it is possible that the severity
of fires burning at low intensity under milder (i.e. NEX) weather conditions could
have been reduced by suppression from above the UF category to levels within it.
However, the overall size of the complex of fires burning at the time would have
meant that suppression resources were thinly spread. The resultant chance of
sampling areas where severity may have been reduced by suppression would then be
low. In terms of crown fire, given that suppression is ineffective at corresponding fire
intensities and unfeasible because of safety reasons, it unlikely that the estimation of
probabilities has been affected.
We did not attempt to differentiate between areas burnt by wildfire and those
subjected to deliberate back-burning operations, which may be responsible for large
proportions of the final wildfire area (Whelan, 2002). Such operations often involve
the ignition of lines of fires intended to burn against the wind (i.e. backing fires).
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This may have increased the proportion of the fire area burnt at the lower range of
severity, leading to underestimation of the effect of predictor variables. Such effects
may be biased toward particular topographic features such as ridges, which are
typically targeted by back burning activities.
The strong effect of climatic conditions (fire weather, annual precipitation) on fire
severity within the study region suggests that climate change has the potential to
change the characteristics of fire regimes in the temperate forests of the Sydney
region, and more broadly across south eastern Australia, as has been concluded by
others (Cary and Banks, 2000; Hennessy, 2005; Bradstock et al., 2009; Bradstock,
2010). The predicted increase in the occurrence of extreme (FFDI > 50) fire weather
events (Hennessy, 2005; Lucas et al., 2007) may increase the area of landscape burnt
at high severity (i.e. crown fire), potentially resulting in an increased threat to life
and property at the urban – bushland interface (Price and Bradstock, in review) and
to biota (McKenzie et al., 2004). However, predicted reductions in annual
precipitation may reduce biomass growth and accumulation (Bradstock, 2010), and as shown here – this may somewhat counteract the effects of extreme fire weather on
fire severity. Fire management will need to be dynamic in response to such changes
in the nature of fire regimes.
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3 CAN GULLIES PRESERVE COMPLEX FOREST STRUCTURE IN
FREQUENTLY BURNT LANDSCAPES?

3.1

Abstract

Structurally complex forest provides important habitat for a diverse array of
vertebrate fauna. Frequent fire can simplify forest structure, though topographic
mitigation of fire effects could potentially preserve structurally more complex habitat
within certain topographic locations of fire prone landscapes. Our study assessed
whether the effects of fire frequency on forest structure (tree hollows, log volume,
vegetation complexity) varied with topographic position. The effect of wildfire
severity and logging were also examined. Frequent fire reduced vegetation cover on
ridges, but not in gullies. The risk of collapse (i.e. presence of fire scars) increased
for large trees on frequently burnt ridges, but remained suppressed in gullies. Crown
fire reduced hollow presence in dead trees (i.e. snags), but increased hollow presence
in trees with a healthy crown. The volume of extensively decomposed logs was three
times greater in gullies than ridges, but was unaffected by fire frequency. Intensive
logging reduced the number of hollow bearing trees and increased the volume of
extensively decomposed logs, though future declines in log volume are predicted due
to bottlenecks in log input. Our results suggest that gullies may play a critical role in
preserving structurally complex stands within frequently burnt temperate eucalypt
forests. Protecting gullies from land clearing and logging is likely to be an important
step in maintaining key habitat features and associated fauna in these landscapes.

3.2

Introduction

The preservation of the structural complexity of forest stands has been identified as a
fundamental step towards the conservation of biodiversity (Fisher et al., 2006;
Lindenmayer et al., 2006). Disturbances, such as fire and logging can alter forest
structure (Spies et al., 1988; Webster and Jenkins, 2005; Eyre et al., 2010; Robles et
al., 2011), though impacts may be spatially variable in response to landscape
heterogeneity (e.g. topography, productivity) (Mackey et al., 2002; Huston, 2003).
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An understanding of how disturbance regimes affect forest structure, and the role
landscape features play in mitigating these effects, will be crucial for ecologically
sustainable management of forest ecosystems (Mackey et al., 2002; Lindenmayer et
al., 2006).
Tree hollows (i.e. cavities in the limbs and trunks of trees), downed coarse woody
debris (i.e. logs) and vegetation complexity are three elements of forest structure that
are of importance for the conservation of forest biodiversity, as they provide habitat
for a range of organisms (Lindenmayer et al., 2006). For example, tree hollows and
large logs provide important shelter, foraging and breeding sites for a diverse array
of fauna within forest ecosystems (Harmon et al., 1986; Gibbons and Lindenmayer,
2002; Robles et al., 2011). Similarly, vegetation ‘complexity’, which is the vertical
structure and horizontal cover of vegetation, may influence predation risk and the
diversity of available foraging niches (August, 1983; Carey and Harrington, 2001).
Consequently, reduced animal abundance and diversity has been associated with a
low density of tree hollows (Gibbons and Lindenmayer, 2002; Robles et al., 2011)
and logs (Carey and Johnson, 1995; MacNally et al., 2001) and structurally
simplified vegetation (MacArthur and MacArthur, 1961; August, 1983; Carey and
Harrington, 2001; Catling et al., 2001; Watson et al., 2001).
Fire can both destroy and create structures such as tree hollows and large logs (Inions
et al., 1989; Gibbons et al., 2000a; Hyde et al., 2011). Fire frequency determines the
net balance between the creation and destruction of tree hollows and large logs,
provided fires are intense enough to destroy these structures (Friend and Wayne,
2003; Eyre et al., 2010). Fire can also both reduce vegetation structure through the
consumption of living plant material (Catling et al., 2001) and increase it through the
stimulation of regeneration in sclerophyll vegetation. Repeated short intervals
between fires may deplete populations of certain plant functional types, such as
obligate seeding shrubs, and favour others, such as herbaceous resprouters (Morrison
et al., 1995; Bond and van Wilgen, 1996; Bradstock et al., 1997), leading to changes
in vegetation structure (Gill and Catling, 2002; Spencer and Baxter, 2006; Tasker
and Bradstock, 2006).
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Fire intensity is spatially variable across forested landscapes (Bradstock et al., 2010;
Perry et al., 2011). Topographic locations with high fuel moisture (e.g. gullies,
riparian areas, shaded aspects) may experience lower fire intensity and have a higher
probability of remaining unburnt than adjacent drier topographies (Penman et al.,
2007; Bradstock et al., 2010; Wood et al., 2011; Chapter 2). The greater patchiness
and lower intensity of fires in moist locations may reduce effects of successive fires
on particular elements of forest structure such as old growth trees (Camp et al., 1997;
Mackey et al., 2002; Keeton and Franklin, 2004). Hence, potential effects of fire
frequency on forest structure may be conditional on fire intensity.
The temperate open eucalypt forests of south-eastern Australia are fire prone
ecosystems which are burnt relatively frequently (~3 – 20 year intervals on average)
at variable levels of intensity (Gill and Catling, 2002). Current fire regimes consist of
a mix of prescribed burning (i.e. planned fires to reduce fuels and hence wildfire
risk) and periodic unplanned wildfires. Moist gullies have longer mean fire return
intervals than ridges because they often experience patchier fires and have a high
probability of remaining unburnt within a fire perimeter (Penman et al., 2007; Wood
et al., 2011). Frequent fire (<8 year intervals) has been shown to reduce forest
structure across these landscapes (Catling, 1991), though the degree to which more
complex forest structure remains along gullies has not been well studied. The
primary aim of our study was to quantify whether fire frequency affected three key
elements of forest structure - tree hollows, logs and vegetation complexity - in
contrasting topographic locations - ridges and gullies. The impact of wildfire severity
and logging intensity were also examined, as these were two potentially influential
disturbances (Grove, 2001; Tasker and Bradstock, 2006; Eyre et al., 2010) that
varied spatially across our study area.
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3.3

3.3.1

Methods

Study area

The study was undertaken within coastal eucalypt forests in the Shoalhaven region of
south east Australia, approximately 150 km south of Sydney (Figure 3.1). The area
spanned from the coast ~25 km west to the foothills of the Tianjara Plateau.
Topographic complexity typically increases from coast to plateau, with elevation
differences between ridges and adjacent gullies ranging from ~30 m on the coast to
100 m in the west.
Land cover within the region is largely a mosaic of remnant open eucalypt forest and
land cleared for agriculture and urbanisation. The majority of remnant vegetation
occurs within public estate (i.e. National Parks and State Forests) and has been
subject to a range of anthropogenic disturbances including selective logging,
firewood collection and prescribed burning. The forests examined in our study
typically occur on soils of low to moderate fertility (Florence, 1996). Canopy
composition is a mix of myrtaceous species, which typically show a high level of
vegetative recovery (i.e. epicormic growth and basal resprouting) following fire
(Florence, 1996), with Corymbia gummifera, Syncarpia glomulifera, Eucalyptus
pilularis, E. piperita, E. globoidea and E. agglomerata frequently occurring on the
drier less productive ridges. Taller forest occurs within the more productive gullies,
and generally consists of a mix of S. glomulifera, E. pilularis and E. saligna x
botryoides (Florence, 1996), though E. piperita and C. gummifera are often present
on the lower slopes.
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Figure 3.1 Location of the study area and study sites. The different symbols depict
the topographic and fire frequency classification of each site (refer to Table 3.1 for
descriptions).

3.3.2

Study design

A crossed factorial design was utilised, whereby replicated fire frequency treatments
were sampled within topographic treatments (i.e. ridge or gully). All potential sites
were selected from areas most recently burnt during a large wildfire in the 2001/02
fire season. This enabled us to control for time since fire, which may substantially
affect forest structure (Tasker and Bradstock, 2006; Eyre et al., 2010). Digitised fire
history layers obtained from the New South Wales (NSW) Office of Environment
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and Heritage (OEH) and Forests NSW were used to calculate fire frequency between
the start of the 1975/76 fire season and the end of the 2001/02 fire season. The spatial
accuracy of this type of fire record is typically between 10 m and 100 m, with
accuracy improving over time (Price and Bradstock, 2010). Three fire frequency
categories were identified; sites burnt two or fewer times over this 27 years or greater
than 18 years between the two most recent fires (low); three fires (moderate); or four
or more fires (high). Topographic position was classed as either a gully or ridge (see
Table 3.1 for definition) and was identified using digital elevation models and
1:25,000 topographic maps.
Forty nine sites were selected based on a stratified sampling design, whereby sites
were: i) at least 1000 m apart to ensure spatial independence at the scale at which fire
severity varies in the local landscape (Bradstock et al., 2010); ii) within relatively flat
areas (slopes < 15°); and iii) typically greater than 200 m from fire frequency
boundaries (to account for spatial inaccuracy in boundary delineation). Four sites
occurring within 200 m of a fire boundary were used, however, in these cases fire
boundaries were easily identifiable (i.e. boundary coincided with a road, waterway or
cliffline). Logistical constraints resulted in reduced survey effort for logs (44 sites)
and basal damage (45 sites) (refer to Appendix 1 for a summary of sampling effort).
However, for each of the core datasets (mixed species tree hollows, fire scars, log
volume and vegetation complexity) 6 to 10 replicate sites were surveyed within each
of the different combinations of fire frequency and topographic position.
The severity of the 2001/02 fire was spatially heterogeneous, and study sites were
selected so that a range of fire severities were sampled within fire frequency and
topographic treatments. Fire severity has been correlated with fire intensity (R2 =
0.50 - 0.74) in eucalypt forests with similar structure and composition to those
investigated in our study (Hammill and Bradstock, 2006), and therefore measures of
severity will provide insight into the effects of fire intensity. Five categories of fire
severity were identified from aerial photography, namely unburnt canopy, partially
scorched canopy, scorched canopy, partially consumed canopy and completely
consumed canopy. A continuous measure of fire severity was subsequently recorded
in the field as the ratio of fire char height to tree height (Table 3.1), whereby values
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close to one represent fires burning the tree crown and values close to zero represent
fires that only affect the ground vegetation. Fire char height had to be estimated for
smooth bark species, which do not retain charring. Estimations were based on the
height of fire charring on surrounding rough bark species. The fire char height to tree
height ratio was strongly correlated with the fire severity categories identified from
aerial photography (F4;44 = 35.315; p = 0.000; R2 = 0.76).

3.3.3

Measures of forest structure

Five parallel 100 m transects with 50 m spacing and six 20 m x 20 m quadrats were
established at each site. Transects were typically bisected by a dirt trail (<7-m wide),
and a ~10-m buffer was placed around these clearings to minimise edge effects. Logs
were surveyed along each line transect, hollow bearing trees and cut stumps were
surveyed 2 m either side of each transect and vegetation complexity was assessed in
each quadrat. Three sites had a reduced total transect length and quadrat number (i.e.
350 m transect and four quadrats for two sites; 200 m transect and three quadrats for
one site) as they were bisected by a fire frequency boundary. Another site was
partially burnt before vegetation complexity surveys were completed, and only three
quadrats could be surveyed.

3.3.3.1 Hollow bearing trees and logging intensity
Trees with a diameter at breast height over bark (DBH) greater than 35 cm and more
than 50% of their base within the transect were examined for hollows. This diameter
size limit was imposed as forest trees smaller than 35 cm DBH typically do not form
hollows (Fox et al., 2008). Tree species, DBH, fire char height to tree height ratio,
crown condition and presence of hollows were recorded for each tree (Table 3.1). A
hollow was defined as any cavity with an apparent entrance width greater than 2 cm
that was located in the trunk or branches of a tree, excluding hollows in the tree base
(i.e. hollows at ground level or facing downward in the trunk).
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Table 3.1 Description of site, tree and log variables measured in the study.
Variable
Site variables
Fire frequency
(1975/76-2001/02)

Code

Description

FREQ

Low: ≤2 fires or at least 18 years between two most recent
fires
Moderate: 3 fires
High: ≥ 4 fires
Gully: Gullies included riparian areas and lower slopes
generally within ~60-80 m of a clearly defined 2nd – 5th order
waterway. Gullies did not exceed the lower third of the slope
profile.
Ridge: Ridges included upper slopes generally within ~60 m of
a ridge line. Ridges did not exceed the upper third of the slope
profile.
Basal area of cut stumps (m2ha-1) (Square root transformed)

Topographic position

TOPOS

Basal area of cut
stumps
Number of cut stumps
Fire severity

BACS
STUMP
FSEV

Number of cut stumps (ha-1) (Square root transformed)
Average fire char height to tree height ratio at a site (Ln
transformed)

Tree variables
Tree diameter
Tree crown condition

DBH
COND

Fire severity (tree)
Fire scar presence

FSEVT
FSCAR

Tree diameter over bark at breast height (cm) (Ln transformed)
Healthy: healthy tree with less than 10% of branches in the
crown broken or dead
Damaged: tree with 10-90% of branches in the crown broken
or dead
Dead: tree with greater than 90% of branches in the crown
broken or dead
Fire char height to tree height ratio (Square root transformed)
Occurrence of fire scars on trees, which are sections at the
base of a tree where death of cambial tissue and exposure and
consumption of heartwood has occurred as the result of one or
more fires (Gill, 1974).

Log variables
Decomposition state

DECOMP

Little: solid log, bark present, twigs present
Minor: decomposition commencing, bark largely absent,
exposed soft sapwood, twigs absent
Extensive: intermediate to late stage of decomposition, bark
absent, exposed soft sapwood, partial to complete heartwood
exposure, log breaking up or fragmented

Vegetation complexity
Cumulative vegetation
cover

VCOMP

Projected foliage cover (%) summed for six layers; canopy
trees, sub-canopy trees, tall shrubs (>200 cm), shrubs (200 75 cm), short shrubs (<75 cm) and ground cover (grasses,
sedges, ferns and cycads).

The presence of fire scars, which are sections at the base of a tree where death of
cambial tissue and exposure and/or consumption of heartwood has occurred as the
result of one or more fires (Gill, 1974), increase the likelihood of tree collapse
(Whitford and Williams, 2001; Gibbons et al., 2008). Trees containing hollows
within temperate eucalypt forests are more likely to have a fire scar than trees
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without hollows (Gibbons and Lindenmayer, 2002). The influence of fire frequency
on the presence of fire scars was examined in our study in an attempt to infer the
potential impact of fire frequency on the collapse of hollow bearing trees. Fire scar
presence was measured on trees at 45 sites, and only scars with obvious charring and
consumption of heartwood were considered to be fire scars.
There was insufficient replication within species to permit analysis of the effect of
tree species on hollow presence. Instead, tree species were grouped based on bark
characteristics and heartwood durability, which influence resistance to fire damage
(Gill, 1974) and susceptibility to decay (Gibbons and Lindenmayer, 2002)
respectively. Tree species were grouped in two different ways; for the tree hollow
analysis tree species were grouped by the characteristics of the bark in the upper
branches, and for the fire scar analysis tree species were grouped by bark
characteristics at the tree base (see Appendix 2 for details).
In order to ensure relationships between hollow presence and topographic position
were not confounded by patterns of species distribution (e.g. hollow - prone species
occurring more frequently on ridges), we conducted additional targeted surveys of
Eucalyptus pilularis which frequently occurred on both ridges and gullies across fire
treatments (n=30 sites). The low density of E. pilularis at many sites required the
transect width to be extended to 40 m to ensure that there was sufficient sample size
to permit analysis. On each transect we conducted hollow surveys on up to four trees,
which were separated by at least 20 m, using the methods described above.

3.3.3.2 Logs
Log volume (m3ha-1) was estimated using the line intersect method, as outlined in
Lindenmayer et al. (1999):
VOL = (π2/(8×LEN))×∑(DIAM)2

Equation (1)

whereby DIAM is the intersected diameter (cm) at right angles to the length of logs
and LEN is the transect length (m). Only logs with a diameter greater than 20 cm and
length greater than 1 m (i.e. large logs with high habitat value) were used in the
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volume calculations. Volume was calculated separately for three categories of log
decomposition state (little, minor, extensive; Table 3.1), as rotten logs may be
consumed more readily by fire than sound logs (Hyde et al., 2011).

3.3.3.3 Vegetation complexity scores
Vegetation complexity was assessed using a rapid scoring system within quadrats at
each site, located at approximately the 25- and 75-m marks along the first, third and
fifth transects. Projected foliage cover was estimated in increments of 5% for six
predetermined layers; canopy trees, sub-canopy trees, tall shrubs (>200 cm), shrubs
(200 - 75 cm), short shrubs (<75 cm) and ground cover (grasses, sedges, ferns and
cycads). Foliage cover for each layer was summed within a quadrat, and an average
score was then calculated for each site.

3.3.4

Statistical analysis

Analysis of hollow availability was conducted at both the site and tree level, while
analysis of log volume and vegetation complexity was conducted at the site level.
Multiple linear regression was used to assess the relationship between all site
variables (Table 3.1) and: (i) the number of hollow bearing trees (ha-1); (ii) log
volume (m3ha-1); and (iii) vegetation complexity. Prior to analysis, continuous
variables were checked for normality using histograms, quantile plots and the
Shapiro Wilk test, and transformations were applied where required (Table 3.1). The
assumption of homogeneity of variances was assessed for response variables using
Bartlett’s test and was valid in all cases. Correlation and multicollinearity between
predictor variables was assessed using Pearson’s residuals and variance inflation
factor respectively. The number of cut stumps and the basal area of cut stumps were
found to be correlated (p<0.05 and Pearsons r > ±0.5), as were crown condition and
species grouping (i.e. some of the groupings within these two variables were
identical). These correlated variables were not included in the same model. The
modelling process examined every combination of predictor variables up to first
order interactions, with a maximum of five variables being included in a model (i.e.
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~10 data points per variable). Akaike’s information criterion (AIC) was used for
model selection, whereby models within 2 AIC points of the model with the lowest
AIC were considered as plausible alternatives, with preference being given to the
most parsimonious model (Quinn and Keough, 2002). If multiple models with the
same degree of parsimony fell within 2 AIC points of the model with the lowest AIC,
common variables contained in each of the these models were included in the
selected model. We did not select models containing variables with parameter
estimates that were not significant (i.e. p > 0.05).
Generalised linear mixed models (GLMM) were used for the tree level examination
of patterns in the presence of hollows (i.e. both the mixed species and E. pilularis
datasets) and fire scars in relation to site variables and tree characteristics (Table
3.1). Transects and sites were specified as nested random variables to account for
variation associated with the hierarchical nature of the sampling design (Fox et al.,
2008). A binomial distribution (log link) was defined for the presence of hollow
bearing trees and fire scars. AIC was used for model selection as described above.
Models were first derived using only tree characteristics (i.e. DBH, crown condition,
species group), and every combination of variables up to first order interactions were
assessed. Site level variables were then examined with the selected tree
characteristics model. Up to second order interactions were examined between site
variables and tree characteristics. The E. pilularis dataset was not sufficient to test
interactions between fire frequency and crown condition or second order interactions,
due to the smaller sample size. The statistical package R (R Development Core
Team, 2010) was used for analysis and graphical presentation of data. The ‘lme4’
package was used for GLMM.

3.4

3.4.1

Results

Tree hollows

A total of 975 trees were recorded at the 49 sites of which 262 (27%) contained
visible hollows. The mean (±S.E.) density of hollow bearing trees recorded across all
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sites was 27.12 ± 2.79 (ha-1). There were numerous competing models for hollow
bearing tree abundance (Appendix 3). The most parsimonious model suggested that
the number of hollow bearing trees was negatively related to the number of cut
stumps (ha-1) (Table 3.2, Figure 3.2). However, very little variance was explained by
this model (F1;47 = 5.711, p = 0.021, R2 = 0.089).

Figure 3.2 The relationship between the number of cut stumps (ha-1) and the number
of hollow bearing trees (ha-1). Circles depict data points and lines represent model
predictions (solid) ± 1 standard error (dashed).

There were a number of competing models in the hollow presence analysis for the
mixed species dataset, all of which contained a common structure (i.e. a core model)
involving topography, and interactions between diameter and crown condition and
between crown condition and fire severity (Appendix 4). This core model was
preferentially selected (Table 3.3). Larger trees were more likely to contain a hollow
(Figure 3.3a). However, diameter became less influential as trees progressed from
having a healthy crown to a dead crown (Figure 3.3a). Trees on ridges were more
likely to have hollows than trees in gullies (Figure 3.3b), though the density of
hollow bearing trees at a site did not vary with topographic position due to a greater
abundance (mean±S.E.) of large trees (DBH>50 cm) in gullies (7.98±0.44 ha-1) than
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ridges (5.70±0.41 ha-1; F1;47 = 14.389, p = 0.000). Fire severity had a positive effect
on the likelihood of hollow presence in trees with a healthy crown, but a negative
effect in dead trees (i.e. snags) (Figure 3.3c). Fire severity only appeared to
noticeably alter the probability of hollow presence if the fire was intense enough to
partially or completely consume the tree crowns (i.e. fire severity score >0.8; Figure
3.3c).

Table 3.2 Selected regression models for analysis of factors influencing the (a)
number of hollow bearing trees (ha-1) (square root transformed), (b) volume of
extensively decomposed logs (m3ha-1) (square root transformed) and (c) cumulative
vegetation cover (%).
Model terms
(a) Hollow bearing trees (ha-1)
Intercept
STUMP
(b) Log volume (m3ha-1)
Intercept
BACS
TOPOS (gully)
(ridge)
(c) Cumulative vegetation cover
Intercept
TOPOS (gully)
(ridge)
FREQ (low)
(intermediate)
(high)
TOPOS(ridge):FREQ(low)
(intermediate)
(high)

Coefficient

S.E.

t-value

P-value

6.460
-0.281

0.766
0.118

8.430
-2.390

0.000
0.021

3.828
0.945

0.898
0.236

4.265
3.997

0.000
0.000

-3.046

0.647

-4.705

0.000

133.056

7.804

17.049

0.000

5.370

11.037

0.487

0.629

3.888
4.339

12.339
11.376

0.315
0.381

0.754
0.705

-43.980
-47.932

17.072
15.657

-2.576
-3.061

0.014
0.004

Analysis of hollow presence in E. pilularis revealed that the model described above
for the mixed species dataset also had the lowest AIC for the E. pilularis dataset
(Appendix 4). Patterns of hollow presence for E. pilularis (Table 3.3, Figure 3.3d-f)
were reasonably similar to those in the mixed species dataset (Table 3.3, Figure 3.3ac), though E. pilularis appeared to be less prone to hollow formation than when all
species were considered together. Furthermore, fire severity did not have a
significant positive effect on hollow presence in E. pilularis with a healthy crown.
However, the general similarities between the models suggest that patterns in hollow
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presence depicted in the mixed species dataset are predominantly due to the site
factors, and are not merely reflecting patterns in species distribution (e.g. species
prone to hollow formation occurring more frequently on ridges).

Table 3.3 Coefficients for the preferred (a) mixed species and (b) E. pilularis hollow
presence model. Superscripted letters next to model terms denote statistical similarity
(p<0.05) between categories within a factor.
Model term
(a) Mixed species
(Intercept)
DIAM
COND (healthy)a
(damaged)b
(dead)c
FSEVT
TOPOS (gully)
( ridge)
DIAM:COND (healthy)a
(damaged)a
(dead)b
FSEVT:COND (healthy)a
(damaged)b
(dead)c
(b) E. pilularis
(Intercept)
DIAM
COND (healthy)a
(damaged)a
(dead)b
FSEVT
TOPOS (gully)
(ridge)
DIAM:COND (healthy)ab
(damaged)a
(dead)b
FSEVT:COND (healthy)a
(damaged)ab
(dead)b

Coefficient

S.E.

z-value

P-value

-23.800
4.701

2.975
0.660

-7.999
7.124

0.000
0.000

9.001
21.525
2.881

3.369
4.204
0.993

2.672
5.120
2.901

0.008
0.000
0.004

1.403

0.367

3.822

0.000

-1.258
-3.171

0.759
0.930

-1.657
-3.408

0.097
0.001

-3.247
-7.646

1.105
1.780

-2.938
-4.296

0.003
0.000

-23.031
4.283

6.026
1.306

-3.822
3.279

0.000
0.001

-4.442
20.561
1.946

7.851
7.210
1.816

-0.566
2.852
1.072

0.572
0.004
0.284

1.719

0.420

4.092

0.000

2.081
-2.870

1.745
1.578

1.193
-1.819

0.233
0.069

-3.729
-6.214

2.302
2.573

-1.620
-2.415

0.105
0.016
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Figure 3.3 The relationship between hollow presence and (a & d) tree diameter
(DBH) and crown condition (COND), (b & e) DBH and topographic position
(TOPOS) and (c & f) fire severity (FSEVT) and COND in the models for mixed
species (a-c) and E. pilularis (d-f). The relationship between the presence of fire
scarring and (g) tree diameter (DBH) and bark type (BARK) and (h) DBH, fire
frequency (FREQ) and TOPOS. Unspecified model variables were held constant as
follows: TOPOS (ridge), Sqrt FSEVT (0.6), Ln DBH (4.0), COND (damaged),
FREQ (low) and BARK (STR)
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3.4.2

Fire scars

Fire scars were recorded on 198 (25%) of 780 living trees surveyed. The likelihood
of a tree having fire scars was related to tree diameter, bark type, fire frequency and
topographic position (Table 3.4). Larger trees had a greater likelihood of having fire
scars, as did turpentines (i.e. TURP; Figure 3.3g). Large trees experiencing
‘moderate’ and ‘high’ fire frequency had a higher probability of having fire scars
than those burnt at ‘low’ frequency (Figure 3.3h), and trees occurring on ridges were
more likely to have fire scars than those in gullies (Figure 3.3h). While the
interaction between fire frequency and topographic position was not significant, trees
in gullies generally had a low probability of containing a fire scar even when burnt at
‘moderate’ or ‘high’ frequency (Figure 3.3h). This suggests that rates of fire scar
formation and subsequent tree collapse may be less sensitive to changes in fire
frequency in gullies than on ridges.

Table 3.4 Coefficients for the preferred fire scar model. Superscripted letters next to
model terms denote statistical similarity (p>0.05) between categories within a factor.
Model term
(Intercept)
DIAM
BARK (Crumbly)a
(Hard)a
(Smooth)a
(Stringy)a
(Turpentine)b
FREQ (low) a
(intermediate) b
(high) b
TOPOS (gully)
(ridge)

3.4.3

Coefficient
-13.463
2.565

S.E.
1.408
0.321

z-value
-9.559
7.991

P-value
0.000
0.000

0.015
-0.085
0.413
2.072

0.441
0.546
0.277
0.279

0.035
-0.156
1.488
7.425

0.972
0.876
0.137
0.000

0.824
0.765

0.296
0.285

2.789
2.684

0.005
0.007

1.577

0.261

6.047

0.000

Log volume

The volume of logs recorded within a site ranged from 4.65 – 176.45 m3ha-1. None of
the site variables significantly affected the volume of logs showing little
decomposition, so they are not discussed further here. Models for the volume of
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extensively decomposed logs contained topographic position and basal area of cut
stumps (F2;41 = 25.06, p = 0.000, R2 = 0.528) (Table 3.2). The volume (mean±S.E.)
of extensively decomposed logs was approximately three times greater in gullies
(54.80±7.67 m3ha-1) than on ridges (15.39±4.00 m3ha-1) and increased with the basal
area of cut stumps (Figure 3.4). The volume of logs in a state of minor
decomposition was also higher in gullies (26.17±4.11 m3ha-1) than ridges
(16.39±2.76 m3ha-1), though this relationship was only marginally significant (F1;42 =
4.069, p = 0.050, R2 = 0.067).

Figure 3.4 The relationship between the volume of extensively decomposed logs
(m3ha-1) and both topographic position and the basal area of cut stumps (BACS;
m2ha-1). Circles depict data points and lines represent model predictions (solid) ± 1
standard error (dashed).

3.4.4

Vegetation complexity

The selected vegetation complexity model contained an interaction between fire
frequency and topographic position as significant predictors (F5;43 = 6.588, p = 0.000,
R2 = 0.368) (Table 3.2), whereby vegetation complexity decreased with fire
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frequency on ridges, but remained unaffected in gullies (Figure 3.5). There was an
approximately 40% reduction in total vegetation cover on the frequently burnt
(moderate or high frequency) ridges compared to those that were infrequently burnt
(low frequency; Figure 3.5). Changes in the shrub and ground cover layers accounted
for these differences (Figure 3.5).

Figure 3.5 The relationship between cumulative vegetation cover (%) and both
topographic position (gully, ridge) and fire frequency (low, mod, high). Cumulative
vegetation cover is the sum of the projective foliage cover for six vegetation layers
(see Table 3.1 for full definition). Letters above bars in (d) depict statistical similarity
(p > 0.05) based on a Tukey HSD test.

3.5

Discussion

Our results suggest that gullies may mitigate the impact of high fire frequency on
forest structure in temperate open eucalypt forests of south east Australia. We found
evidence that vegetation complexity and the longevity of hollow bearing trees and
snags may be reduced by frequent fire on ridges, but can remain relatively unaltered
within embedded gullies exposed to the same fire regimes. The preservation of
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complex forest structure through topographically driven mitigation of fire impacts
has been identified across a handful of forest ecosystems, including moist tall
eucalypt forest of southeast Australia (Mackey et al., 2002) and Pacific Northwest
forests in North America (Camp et al., 1997; Keeton and Franklin, 2004). A diverse
array of Australia’s vertebrate fauna, in particular mammals and birds, have been
associated with complex vegetation structure (Carey and Harrington, 2001; Catling et
al., 2001; Watson et al., 2001) and tree hollows (Gibbons and Lindenmayer, 2002;
Robles et al., 2011). Hence, gullies could potentially provide an important source of
fire refugia for these species and their habitat.
Our finding that vegetation complexity is reduced by more frequent fire on ridges but
not gullies is consistent with existing knowledge. Exposure to frequent fire often
favours herbaceous species with short life cycles and inhibits inter-fire recruitment of
shrubs and trees (Morrison et al., 1995; Bond and van Wilgen, 1996; Bradstock et al.,
1997; Guinto et al., 1999). This may lead to the structural simplification of temperate
eucalypt forests (Catling, 1991; Spencer and Baxter, 2006; Tasker and Bradstock,
2006). The different response of vegetation on ridges and gullies may be partially
due to a different exposure to fire severity and frequency at the local patch scale,
since gullies typically experience lower severity and more patchy fires than ridges
(Penman et al., 2007; Bradstock et al., 2010). This would increase the likelihood of
survival of obligate seeding shrubs (Gill and Catling, 2002) and allow for structurally
complex forest to be retained over numerous fires. The differences may also reflect
the productivity gradient between ridges and gullies (Florence, 1996; Huston, 2003).
The diversity of structural forms may be reduced by frequent disturbances within
systems of low productivity (Huston, 2003), such as the ridges examined in our
study. While greater productivity within gullies may permit rapid vegetative recovery
post fire, thus altering the sensitivity of the vegetation community to disturbance
frequency (Huston, 2003).
High intensity crown fire appeared to destroy hollows in snags but promote hollow
formation in healthy trees (Figure 3.3c), which is a finding similar to that of Inions et
al. (1989) in eucalypt forests of south west Australia. While we cannot be certain that
the snags we observed were dead prior to the fire, it is likely that crown fire has led
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to greater destruction of hollows in snags than fires confined to the understorey.
Many species of vertebrate fauna preferentially select snags for nesting and refuge
(Gibbons and Lindenmayer, 2002), hence these structures can provide important
habitat for fauna. The rare occurrence of crown fire within gullies (Bradstock et al.,
2010) suggests hollow bearing snags may mostly be preserved within these locations
during large wildfires. However, in general hollows bearing snags will be more
vulnerable to destruction as a result of fire than living trees regardless of fire
intensity (Inions et al., 1989; Parnaby et al., 2010).
Basal fire scarring increases the likelihood of tree collapse (Whitford and Williams,
2001; Gibbons et al., 2008), and is likely to be a major cause of hollow loss. We
found that the occurrence of fire scarring was greatest in large trees (i.e. those most
likely to have hollows) on frequently burnt (~5 - 10 year mean interval) ridges
(Figure 3.3h). Likewise, increased rates of tree collapse have been reported in
eucalypt forest burnt at similar frequency in south west Australia (Whitford and
Williams, 2001). However, the relationship between fire frequency, fire scar
formation and subsequent tree collapse is complex, due to the generally inverse
relationship between fire frequency and intensity (Bradstock et al., 2010), and the
requirement for fire to be reasonably intense in order to initiate fire scar formation
(Gill, 1974). Hence high frequency (~3 - 5 year intervals) low intensity burns may
not result in high rates of fire scar formation (Abbott and Loneragan, 1983) or tree
collapse (Whitford and Williams, 2001). This probably explains why there was (i)
little difference in fire scar formation in the moderate and high fire frequency
treatments and (ii) a low occurrence of fire scars in gullies no matter what the fire
frequency. Our results suggest that frequent burning (5 - 10 year mean interval) may
lead to a loss of hollow bearing trees on ridges, but is unlikely to drastically affect
the density of hollow trees in gullies. However, the typically low rates of fire
mortality and tree collapse in open eucalypt forests in general (Gibbons et al., 2000a;
Whitford and Williams, 2001) suggest that extended periods of frequent fire may be
required before dramatic reductions in the availability of hollow bearing trees occur.
Fire mapping used in our study typically does not record unburnt patches within fire
polygons. This introduces a level of uncertainty into the accuracy of our fire
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frequency classes, which will be greatest in gullies as these locations have a lower
probability of burning during both prescribed burns and wildfires (Penman et al.,
2007; Wood et al., 2011). Therefore, our fire frequency classes may more closely
represent the number of times a site could have potentially burnt, rather than the
absolute number of times it burnt. The patterns in fire scar occurrence described
above suggest the fire frequency classes were reasonably accurate, as an increased
occurrence of fire should lead to an increased occurrence of fire scars, provided fires
are of sufficient intensity. However, the uncertainty surrounding the accuracy of the
fire mapping makes it difficult to attribute whether topographic variation in the effect
of fire frequency on forest structure is due to gullies (i) burning at lower fire severity
or (ii) burning fewer times than recorded. Despite this uncertainty, our results will be
of utility for land managers as this style of mapping is currently used to guide fire
management decisions.
Our study revealed that the volume of logs was not affected by the range of fire
frequencies examined. While some studies have found evidence that frequent fire is
associated with declines in the abundance and volume of logs in eucalypt forests
(Spencer and Baxter, 2006; Eyre et al., 2010), others have found that fire frequency
had little impact on log biomass (Miehs, 2010). Declines in log volume will only
occur if fires are frequent and intense enough such that log consumption exceeds
accumulation (Eyre et al., 2010), and it is possible that the fires examined in our
study were not.
Topography had a strong influence on the spatial arrangement of logs across the
study landscape, with the volume of extensively decomposed logs in gullies being
almost three times that of ridges. This probably reflects the higher site moisture of
gullies within the study area, as positive associations are known between site
moisture and both log volume (Spies et al., 1988; Webster and Jenkins, 2005) and
decomposition rate (Harmon et al., 1986).
Logging was found to have a contrasting effect on the density of hollow bearing trees
and the volume of large logs, whereby the former decreased with logging intensity,
while the latter increased. Stands subjected to intensive timber harvesting typically
have reduced hollow availability (Eyre et al., 2010; Remm and Lõhmus, 2011;
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Robles et al., 2011) – a pattern supported by our results. Timber harvesting and
‘stand improvement’ practices occurring within our study area would have removed
large (>50 cm) healthy trees and felled and left unmerchantable timber (e.g. rotting
trees, snags) respectively. Our findings confirm the well known fact that large trees
and snags are more likely to contain hollows (Fox et al., 2008; Eyre et al., 2010;
Robles et al., 2011), hence logging practice removing these structure will inevitably
lead to some decline in hollow availability. Unmerchantable timber left onsite
following harvest can increase log volume (Grove, 2001), which explains why more
intensively logged sites had a greater volume of extensively decomposed logs. Given
that the majority of sites were within logging coupes that were last harvested
between the 1970s and 1990s, the high volume of logs in these areas is likely to be a
pulse in abundance that will pass through the system as these logs decay and are
replaced at a much slower more gradual rate in the absence of logging (Grove, 2001;
Webster and Jenkins, 2005).

3.6

Forest management implications

The potential capacity of gullies to mitigate the impact of frequent fire on forest
structure suggests that consideration of topographic context is important when
devising fire management prescriptions. The spatial grain of refugia provided by
gullies within frequently burnt (i.e. ~5 – 10 year intervals) landscapes is likely to be
directly related to the topographic complexity of the landscape (i.e. inter-gully
distance; Bradstock et al., 2010). In more topographically heterogeneous landscapes
(e.g. inter-gully distance distances of 200 – 400 m) refugia will be provided on a
scale similar to or finer than the home ranges of many species of small mammal (i.e.
1-5 ha; Lindenmayer, 2009). In landscapes that are more topographically
homogeneous (e.g. inter-gully distance > 1500 m), the density of gully refugia
decreases, and the spacing of structurally complex forest patches may become
increasingly fragmented. Therefore, fauna dependent on structurally complex habitat
are likely to be more sensitive to increased fire frequency within more homogeneous
landscapes, which will be an important consideration when devising prescribed
burning programs aiming to conserve biodiversity.
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Frequently burnt patches with reduced forest structure will have ecological value
within landscapes, as this habitat can support unique fauna assemblages (Fuhlendorf
et al., 2006), or species dependent upon a mosaic of both high and low structural
complexity (Bradstock et al., 2005). Hence, maintaining a mosaic of different fire
frequencies across a landscape may be beneficial for biodiversity under certain
situations (see Bradstock et al., 2005 for discussion). Frequent prescribed burning, if
applied in an appropriate arrangement, could therefore potentially be used to
simultaneously achieve fuel reduction and biodiversity conservation.
The response of forest structure to frequent burning will be dependent upon not only
local topography, but also ecosystem productivity, which influences vegetative
response to fire (Huston, 2003) and fire regimes (Bradstock, 2010). The eucalypt
forests examined in our study were typically of low-moderate productivity and
dominated by species with the capacity to resprout following moderate-high intensity
fire. The more productive tall open eucalypt forests dominated by species that are
killed by moderate-high intensity fire and regenerate via seed (e.g. Eucalyptus
regnans, E. delegatensis, E. grandis) will undoubtedly respond differently to
frequent burning (Florence, 1996; Gill and Catling, 2002). Furthermore, these
productive moist forests tend to burn during intense droughts (Bradstock, 2010).
Hence differences in fuel moisture between ridges and gullies when large areas of
these forests typically burn may not be sufficient to greatly reduce fire intensity.
Therefore, the effects of frequent burning on forest structure may not be as
dependent upon topography within more productive forests. However, evidence of
topographic mitigation of fire effects on forest structure across productive forests in
both Australia (Mackey et al., 2002) and North America (Camp et al., 1997; Keeton
and Franklin, 2004) suggests that our results may have wider generality.
It is projected under current climate change scenarios that the frequency of large
severe fires may increase within temperate forests of south east Australia (Cary and
Banks, 2000; Bradstock, 2010). This is likely to be coupled with an increased
application of fuel reduction burns to manage the increased risk of economically
devastating fires. If future fire regimes were to shift toward more frequent and severe
fires, gullies may play an increasingly important role in preserving structurally
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complex forest and maintaining spatial heterogeneity of habitat at the landscape
scale. Therefore, protecting gullies from anthropogenic habitat modification (e.g.
logging, land clearing) will be important in terms of maintaining the resilience of
these landscapes and their constituent fauna to shifts in fire regimes. However, it is
possible that the structural complexity of these gully habitats may be reduced if
future climatic conditions facilitate greater incursions of fires into gullies.
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4 IMPACT OF FIRE REGIMES, LOGGING AND TOPOGRAPHY ON
HOLLOWS IN FALLEN LOGS IN EUCALYPT FOREST OF SOUTH
EAST AUSTRALIA

4.1

Abstract

Log hollows provide important habitat for a range of vertebrate fauna. Despite this,
little is known about the impact fire regimes have on this resource, or the role
topography may play in preserving hollows through the mitigation of fire intensity.
This study examined the effect different combinations of fire frequency and
topography have on (i) the number of hollow bearing logs and (ii) the presence and
size of hollows within logs. The influence of wildfire severity and logging were also
examined. Hollow availability (i.e. density of hollow bearing logs and hollow
presence within logs) was greatest at sites burnt at ‘low’ frequency. The density of
hollow logs was greater in gullies, though the effect of fire frequency did not vary
with topographic position. Hollows showing signs of internal fire charring typically
had a greater entrance width than unburnt hollows, which suggests fire plays an
important role in creating large hollows. The number of hollow bearing logs
increased with logging intensity, due to unmerchantable timber being left in situ.
Wildfire severity had little effect on log hollows. The results indicate that frequent
burning may reduce hollow availability, though it is likely that gullies will still retain
a high density of hollow bearing logs irrespective of burning, and may play an
important role in preserving connectivity of this resource across landscapes.

4.2

Introduction

Fallen coarse woody debris (i.e. logs) in forests provides habitat for a range of fauna
(Maser et al., 1979; Bunnell and Houde, 2010). In particular, hollows (i.e. cavities) in
these logs provide shelter and sites for breeding and rearing of young for a diverse
array of vertebrate fauna, including many mammals, reptiles, amphibians and some
species of bird (Maser et al., 1979; Dickman, 1991; Bunnell and Houde, 2010).
Changes in the availability of shelter and breeding sites may alter the diversity and
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abundance of fauna. Hence consideration of the conservation of hollow logs requires
incorporation into forest management practices (Bunnell and Houde, 2010). While
considerable emphasis has been placed on understanding factors influencing hollow
availability in standing timber (e.g. Fox et al., 2008; Eyre et al., 2010; Remm and
Lõhmus, 2011; Robles et al., 2011), hollows in logs on the forest floor have been
largely overlooked (see Williams and Faunt, 1997 and Grigg and Steele, 2011 for an
exception).
Log hollows may originate while a branch or tree is still standing or after it has fallen
to the forest floor. Consequently, identification of the characteristics that make both
logs and trees prone to hollow formation will be important for the appropriate
management of log hollows. Large trees have a greater likelihood of containing
hollows, as do trees with greater crown damage or decay and greater exposure to
physiological stress (Gibbons and Lindenmayer, 2002; Fox et al., 2008; Eyre et al.,
2010; Robles et al., 2011). Unsurprisingly, large logs are also more likely to contain
hollows or internal cavities than small ones, as are logs in mid to late stages of decay
(Williams and Faunt, 1997; Grove et al., 2011). Hence, factors affecting stand
structure and health and log demography (i.e. size and decay class), such as
topography, fire and logging (Grove, 2001; Webster and Jenkins, 2005; Eyre et al.,
2010), are likely to influence the spatial arrangement and availability of hollow logs.
Disturbances such as fire and logging can be expected to have varied effects on
hollows in logs. Fire can both remove and create log hollows, by respectively
consuming logs (Knapp et al., 2005; Hyde et al., 2011), or damaging trees, thereby
accelerating hollow formation (Gibbons and Lindenmayer, 2002). Fire can also
increase the likelihood of tree fall and therefore the supply of logs (Gibbons et al.,
2008; Harmon et al., 1986; Whitford and Williams, 2001). Furthermore, fire may
enlarge the dimensions (i.e. width, depth) of tree hollows through consumption of
decayed material (Gibbons and Lindenmayer, 2002). Similarly, logging can reduce a
forests ability to produce large logs, via the removal of large trees (Grove, 2001;
Webster and Jenkins, 2005). However, certain logging practices, whereby
unmerchantable felled timber (i.e. rotten or hollow logs) is left in situ, may provide a
pulse of log input (Grove, 2001). The frequency and intensity of these disturbances
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will potentially determine the balance between processes that either produce or
remove hollows and logs (Spies et al., 1988; Gill and Catling, 2002; Webster and
Jenkins, 2005; Eyre et al., 2010). Thus, certain fire and logging regimes (i.e.
combinations of frequency and intensity) may lead to an overall increase in log
hollows, whereas other regimes could cause an overall decline.
Spatial heterogeneity of fire intensity (including patches that remain unburnt) may
moderate the effect of fire on logs. Gullies or riparian areas in temperate forests will
often burn patchily and at lower intensity than adjacent ridges during wildfires and
fuel reduction burns (Dwire and Kauffman, 2003; Penman et al., 2007; Bradstock et
al., 2010). Hence, it would be anticipated that the effects of fire frequency on log
hollows would vary between ridges and gullies. Furthermore, gullies and riparian
areas in these landscapes are often characterised by greater site moisture compared to
surrounding uplands (McColl, 1969; Dwire and Kauffman, 2003). Positive
associations have been made between moisture regimes and log size and volume
(Spies et al., 1988; Webster and Jenkins, 2005) and as such gullies may intrinsically
have a greater density of hollow logs than adjacent ridges. Therefore, landscape
heterogeneity may directly and indirectly (i.e. via the fire regime) affect the
abundance of logs and hollows.
Here we quantify the effects of fire regime components and their interplay with
landscape factors on the occurrence and characteristics of hollows in logs in
temperate eucalypt forests of south eastern Australia. Given that fire frequency and
intensity may increase due to the effects of climate change (Cary and Banks, 2000;
Bradstock, 2010) such insights are required to understand potential consequences for
animal habitat. Accordingly, the aim was to examine the effects of fire frequency,
topography, logging intensity and fire severity on (i) the abundance of hollowbearing logs, (ii) the presence of hollows within logs and (iii) the size of hollows in
logs.

67

4.3

Methods

4.3.1

Study area

The study was undertaken along the coastal plains and foothills between Nowra and
Ulladulla within the Shoalhaven region of south eastern Australia, approximately 150
km south of Sydney (Figure 4.1). Elevation ranges from sea level at the coast,
increasing to 500 m at the edge of the Yalwal Plateau which is the western limit of
the study area. Topographic complexity increases from the coast to the foothills of
the plateau, with differences in elevation between ridges and gullies reaching 100 m
in the west. The geology of the region largely consists of sedimentary rock (i.e.
sandstones, siltstones and shale) of Permian origins. The mean annual rainfall ranges
from 1000 mm to 1200 mm. Monthly mean minimum temperature (in winter) is 5ºC10ºC, while monthly mean maximum temperature (in summer) is 22ºC-27ºC (BOM,
2010).
Eucalypt sclerophyll forest occurs along much of the coastal plain, which has been
moderately fragmented by land clearing for agriculture and housing. The myrtaceous
canopy species dominating these forests typically show a high level of vegetative
recovery following fire (Florence, 1996). Dominant tree species within these forests
vary with site productivity, which corresponds with topography (McColl, 1969).
Ridges and upper slopes (low – moderate productivity) are typically dominated by
Corymbia gummifera, Syncarpia glomulifera, Eucalyptus globoidea, E. piperita and
E. pilularis, while gullies (high productivity) are typically dominated by
combinations of E. pilularis, E. saligna x botryoides and S. glomulifera (McColl,
1969). The forests examined in this study are located within National Parks and State
Forests, which have historically been subject to a range of management approaches,
including logging, firewood collection and prescribed burning for fuel reduction.

4.3.2

Study site selection

A geographic information system (GIS) was utilised to identify suitable study sites,
based on data layers of fire history, topography, vegetation and tenure. The study
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was confined to areas that were burnt most recently by a large wildfire during
December 2001 and January 2002. We sampled sites at a post-fire age of 6-9 years,
as the characteristics of logs can be strongly influenced by time since fire (Harmon et
al., 1986), allowing unconfounded testing of the effects of fire frequency and
severity.

Figure 4.1 Location of the study area. The different symbols depict the topographic
and fire frequency classification of each site (refer to Table 4.1 for descriptions).

Digitised fire history layers (fire boundaries) containing both human ignitions (e.g.
prescribed burns, arson) and wildfires, obtained from the New South Wales (NSW)
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Office of Environment and Heritage (OEH) and Forests NSW (FNSW), were used to
calculate the historical frequency of fire over the 27 years between the start of the
1975/76 fire season and the end of the 2001/02 fire season. Data layers were
screened prior to use to ensure that fires were not duplicated in the two databases.
Three fire frequency categories were used in this study, (i) two or fewer fires or a
greater than 18 year interval between the two most recent fires (‘low’), (ii) 3 fires
(‘moderate’), and (iii) four or more fires (‘high’) (Table 4.1). It should be noted that
unburnt patches within fire polygons are usually not recorded, introducing a level of
uncertainty into the accuracy of fire frequency classes. This was partially dealt with
by measuring the occurrence of fire scars, which are sections at the base of a tree
where death of cambial tissue has occurred as the result of one or more fires (Gill,
1974). The proportion of trees displaying fire scars was greater in the ‘moderate’ and
‘high’ fire frequency treatments than the ‘low’ treatment (LC unpublished data),
which was expected as a greater number of fires should lead to a higher incidence of
fire scarring, confirming that the treatment allocations were reasonably accurate.
Topographic position was classified into two categories, ridge and gully (Table 4.1),
which were identified using digital elevation models and 1:25 000 topographic maps
(Department of Lands) and verified in the field. Ridges and gullies were examined as
fire characteristics will typically show strong contrast between these topographic
locations (Bradstock et al., 2010). The severity of the most recent fire for different
parts of the study area was identified using aerial photography obtained from the
OEH. Fire severity, which is a measure of the degree of scorch and consumption of
vegetation, is typically correlated with fire intensity (Keeley, 2009) and can therefore
be used as an index of this (Bradstock et al., 2010). Three primary fire severities
were identified and used for site selection: tree canopy unburnt, tree canopy scorched
and tree canopy consumed. A continuous measure of fire severity was subsequently
recorded in the field by calculating the mean fire char height to tree height ratio at
each site (Table 4.1). Char height was estimated for smooth bark species, which do
not retain charring, based on char heights of surrounding rough bark species.
It became apparent during site inspections that logging regimes were variable across
the study sites, reflecting the range of harvesting intensities implemented across
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these forests, which have been largely selectively logged since the 1970s. Therefore
the basal area of cut stumps, which provides a surrogate of the volume of timber cut,
was measured within five 4 m x 100 m transects and used as an estimate of the
intensity of timber removal at each site (Table 4.1). While the ratio of cut stump
basal area to tree basal area would be a more appropriate measure, we could not
calculate this index as concurrent tree surveys only focused on large trees (i.e. >35
cm diameter), and many cut stumps were much smaller than this.
A total of 44 sites were selected (Figure 4.1), stratified by fire frequency and
topographic position, with six to nine replicates within each treatment combination.
Due to the strong effect of topographic position on fire severity (Bradstock et al.,
2010), sites were selected so that a range of fire severities were sampled in both
gullies and ridges. A minimum distance of approximately 1000 m was employed
between sites to ensure spatial independence of fire effects (Bradstock et al., 2010).
Sites were located on slopes which were generally less than 10-15° and more than
200 m from the edge of a fire frequency boundary. Four sites falling within 200 m of
a fire frequency boundary needed to be included to increase replication in the ‘low’
frequency category. However, in each of these cases there was a high degree of
certainty in boundary accuracy (i.e. boundary coincided with a road, waterway or
cliffline).

4.3.3

Data collection

A log was defined as any piece of fallen coarse woody material greater than 20 cm in
diameter and more than 100 cm long. A minimum width of 20 cm was selected as
logs smaller than this typically do not contain hollows (Williams and Faunt, 1997;
LC personal observation). Five parallel (line) transects 100 m in length with 50 m
spacing were established at each site, except at three sites selected close to fire
frequency boundaries, and at these sites the total transect lengths were 350 m for two
sites and 200 m for one site. Transects were located at least 10 m or more from any
roads or clearing. For every log intersected on each transect, the length, diameter at
point of intersection, large and small end diameter were measured (Table 4.1). Log
volume (m3) was estimated using Smalian’s formula (Woldendorp et al., 2002):
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Equation (1)

where LEN is length (m), LDIAM is the large end diameter (m) and SDIAM is the
small end diameter (m). Logs were assigned a decomposition score (Table 4.1) and
the number of hollows and their size (entrance width and depth) was recorded. A
cavity was considered to be a hollow if it had an entrance width ≥2 cm and a depth
≥10 cm, and a minimum hollow depth to width ratio of two, as these are typically the
minimum dimensions of tree hollows utilised by forest fauna (Gibbons et al., 2002).
It was assumed that fauna would select log hollows with similar dimensions for
nesting and shelter, as several species utilising log hollows may also utilise tree
hollows (e.g. Antechinus spp.; Dickman, 1991), or alternatively are of a similar size
as species utilising tree hollows. The presence of internal charring within hollows
was also noted for logs within 37 of the sites surveyed.

4.3.4

Analysis

The influence of topographic position, fire frequency, fire severity and the basal area
of cut stumps on log hollows was assessed at two scales. The first analysis examined
the effect of these variables on the density of hollow bearing logs within sites, with
an aim to assess how disturbance regimes and topography affect the distribution of
hollow bearing logs. The second analysis examined the effect of site variables, as
well as characteristics of logs (Table 4.1), on the presence and size of hollows within
logs. The aim was to see how log characteristics determine hollow characteristics
(presence and size) in interaction with disturbance regimes and topography. The
effect of site variables (Table 4.1) on those log characteristics identified as being
influential in determining hollow presence (i.e. volume and decomposition state)
were also assessed in an attempt to explain patterns in the number of hollow bearing
logs.
Predictor variables used in each analysis were assessed for normality using
histograms, quantile plots and the Shaprio Wilk normality test. A logarithmic
transformation (Ln) was applied to fire severity, volume and large diameter, and a
square root transformation was applied to basal area of cut stumps, in order to
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improve normality. Pearson correlation and the variance inflation factor were used to
test for correlation and multicollinearity between predictor variables. Predictor
variables that were strongly correlated were not included in the same model.

Table 4.1 Description of site and log characteristics measured in the study.
Variable
Site characteristics
Fire frequency
(1975/76-2001/02)

Variable
code

Description

FREQ

Low: ≤2 fires or at least 18 years between two most
recent fires
Moderate: 3 fires
High: ≥ 4 fires
Ridge or gully. Gullies included riparian areas and
lower slopes generally within ~60-80 m of a clearly
defined 2nd – 5th order waterway. Ridges included
upper slopes generally within ~60 m of a ridge line.
Gullies did not exceed the lower third of the slope
profile, while ridges did not exceed the upper third.
Fire char height to tree height ratio
Basal area of cut stumps (m2/ha)

Topographic
position

TOPOS

Fire severity
Logging intensity
Log characteristics
Hollow

FSEV
BACS

Density of hollow
bearing logs
Hollow presence
Hollow diameter
Large diameter
Small diameter
Length
Volume
Decomposition
state

HBL

Source
Internal charring

-

HBIN
HDIAM
LDIAM
SDIAM
LEN
VOL
DECOMP

SOURCE
FCHAR

A cavity with an entrance width ≥2 cm, a depth ≥10 cm,
and a minimum hollow depth to width ratio of two
The density of hollow bearing logs at a site (hollow
bearing logs per 100 m of transect)
Whether a log contained a hollow or not (yes/no)
The minimum entrance diameter of a hollow (cm)
Large end diameter (cm)
Small end diameter (cm)
Length (to the nearest 10cm) from LDIAM to SDIAM
Log volume (m3)
Little: solid log, bark present, twigs present
Minor: decomposition commencing, bark largely
absent, exposed soft sapwood, twigs absent
Extensive: intermediate to late stage of decomposition,
bark absent, exposed soft sapwood, partial heartwood
exposure, log breaking up or fragmented
Log source classified as either a trunk or branch
The presence of charring within hollows (yes/no)

4.3.4.1 Density of hollow bearing logs
Multiple regression was used to examine relationships between the number of hollow
bearing logs and site variables (Table 4.1). A square root transformation was applied
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to the number of hollow bearing logs in order to improve normality. Bartlett’s test
revealed that variances were homogeneous (p>0.05) across groups for each of the
dependent variables. All possible combinations of site characteristics (Table 4.1)
along with all first order interactions were modelled using R (R Development Core
Team, 2010). The preferred model was selected using comparative assessment of
Akaike’s information criterion (AIC). Models within two AIC points of the preferred
model were considered as plausible alternatives, with the most parsimonious models
being selected preferentially (Quinn and Keough, 2002). Models containing predictor
variables that did not have a significant effect (i.e. p>0.05) were not considered. The
effect of site variables on the number of logs within each decomposition category
(Table 4.1) was assessed using multiple regression as outlined above.

4.3.4.2 Hollow presence within logs
Generalised linear mixed models were used for the analysis of hollow presence in
logs. The variables ‘transect’ and ‘site’ were specified as nested random effects to
account for the hierarchical nature of the sampling design (Fox et al., 2008). Analysis
was undertaken in R using the ‘lme4’ package. A binomial distribution was defined
for log hollow presence. All possible combinations of log characteristics (Table 4.1)
and their interactions were modelled initially. Site variables (Table 4.1) were then
added to the preferred log characteristics model, and all possible combinations of
variables up to first order interactions were assessed. The preferred model for each
step was selected using the same procedures described above. There are potential
limitations in the use of AIC for model selection with GLMM (see Bolker et al.,
2009). However, our model selection decisions were also based on statistical
significance and the principle of parsimony, not solely AIC. Therefore, we feel
confident that the ‘preferred’ model contained variables that were most influential in
determining hollow presence within logs. Predicted values were plotted for the
preferred model.
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4.3.4.3 Hollow diameter
Linear mixed models were used to analyse patterns in hollow diameter. The variables
‘log’, ‘transect’ and ‘site’ were specified as nested random effects to account for the
hierarchical nature of the sampling design. Analysis was undertaken in R using the
‘nlme’ package following procedures outlined in West et al. (2007). A subset of the
data for which internal fire charring was recorded was used for this analysis (n =
723). Bartlett’s test suggested that hollow diameter did not conform to normality
following square root and logarithmic transformations. However, under the central
limit theorem it can be assumed that for large samples, sample means will be
normally distributed (Quinn and Keough, 2002). Regardless, a logarithmic
transformation was applied to hollow size as visually it appeared to improve
normality. Preferred models were selected following procedures described above.
The effect of site variables (Table 4.1) on the size of logs (i.e. volume) was also
assessed using linear mixed models as outlined above.

4.4

Results

A total of 938 logs were sampled during the study of which 469 (50%) contained
hollows. The number of hollow bearing logs (HBL) recorded at a site ranged from 3–
26. Fire severity and logging intensity varied across the study sites, with char
height:tree height ranging between 0.10-0.99 and the basal area of cut stumps
ranging between 0.00-40.37 m2ha-1. The different measures of log size (i.e. large
diameter, small diameter, length, volume and source) (Table 4.1) were found to be
highly correlated, and as such not all of these variables were used in the analysis.
Volume (range: 0.03-31.04 m3) was used in the hollow presence models, being
selected preferentially as it incorporates most aspects of the other measurements.
Large diameter (range: 20-160 cm) was used in hollow size models, as it will
determine the largest hollow entrance width possible.
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4.4.1

Density of hollow bearing logs

The competing models for the density of HBL per site contained a core set of
significant predictor variables, namely fire frequency, topographic position and the
basal area of cut stumps. The model containing only these core variables was thus
chosen as the preferred model (p = 0.000, R2 = 0.437). The density of HBL was
significantly lower at sites experiencing ‘moderate’ fire frequency (i.e. 3 fires) than
those burnt at either ‘high’ (≥4 fires) or ‘low’ frequency (≤2 fires) (Figure 4.2a),
while the density of HBL was greater within gullies than ridges (Figure 4.2b). The
interaction between fire frequency and topographic position was not significant,
indicating that the effect of fire frequency on the density of HBL did not vary with
topographic position. The basal area of cut stumps had a positive relationship with
the density of HBL, indicating that as the volume of timber felled increased so did
the number of logs with hollows (Figure 4.2c). The observed patterns in the
abundance of HBL reflected patterns in log demography (abundance, size,
decomposition). Gullies and sites with a high basal area of cut stumps had a greater
abundance of ‘extensively’ decomposed logs (p = 0.000, R2 = 0.283) (Figure 4.3a-b),
while gullies also typically contained larger logs than ridges (p = 0.000) (Figure 4.4).
This was expected as logs that are large and/or decomposing are generally more
likely to contain hollows. Significantly fewer logs with ‘little’ decomposition were
recorded in the ‘moderate’ fire frequency treatment than both the ‘high’ and ‘low’
frequency treatments (p = 0.006, R2 = 0.182).

4.4.2

Hollow presence within logs

The preferred model for hollow presence within logs contained fire frequency and
interactions between both log volume and decomposition and topographic position
and basal area of cut stumps (Table 4.2). There was one competing model with a
higher AIC score that contained these variables and fire severity, though fire severity
did not have a significant effect and hence this model was discarded. The probability
of a log containing a hollow was strongly dependent upon log volume and
decomposition state (Table 4.2). The preferred model suggests that as logs become
larger they are more likely to contain a hollow (Figure 4.5a). Furthermore, as logs
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decomposed from ‘little’ to ‘minor’ categories they were generally more likely to
contain hollows, though there was a diminished influence of log size on hollow
presence in more ‘extensively’ decomposed logs (Figure 4.5a). Logs located in sites
burnt at moderate or high frequency were less likely to contain a hollow than those in
sites burnt at low frequency (Figure 4.5b). The basal area of cut stumps had a
negative influence on hollow presence in logs on ridges, but had a positive effect in
gullies (Figure 4.5c).

Figure 4.2 The abundance of hollow bearing logs (logs/100m) in relation to (a) fire
frequency, (b) topographic position and (c) basal area of cut stumps. Mean (± std.
error) are presented in (a) and (b).
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Figure 4.3 The number of extensively decomposed logs (logs/100m) in relation to
(a) topographic position and (b) basal area of cut stumps. Mean (± std. error) are
presented in (a).

Figure 4.4 The volume of individual logs (m3) in relation to topographic position.
The mean (± std. error) of the untransformed data is presented for ease of
interpretation.
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Table 4.2 Coefficients for the preferred hollow presence model. Superscripted letters
next to model terms denote statistical similarity (p<0.05) between categories within a
factor.
Model term
(Intercept)
VOL
DECOMP (little)

Coefficient

S.E.

z-value

P-value

-0.463

0.325

-1.424

0.154

0.742

0.135

5.517

0.000

0.823

0.208

3.948

0.000

0.700

0.202

3.468

0.001

0.141

0.071

1.975

0.048

1.018

0.371

2.746

0.006

-0.524

0.189

-2.773

0.006

-0.410

0.179

-2.296

0.022

-0.129

0.177

-0.731

0.465

-0.449

0.162

-2.767

0.006

-0.337

0.109

-3.079

0.002

a

(minor)b
(extensive)

b

BACS
TOPOS (gully)
(ridge)
FREQ (low)

a

(intermediate)b
(high)

b

VOL:DECOMP (little)

a

(minor)a
(extensive)

b

BACS:TOPOS (gully)
(ridge)

4.4.3

Hollow diameter

The preferred hollow diameter model contained log diameter and the presence of
internal charring (Table 4.3). There was one competing model containing these
variables and decomposition state which was discarded as it had a higher AIC score.
Hollow diameter was typically greater in logs with larger diameters and for those
hollows with internal charring (Figure 4.5d).
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Figure 4.5 Plots showing the effect of variables contained in the selected models
(Table 4.2 & 4.3) on the predicted probability of (a-c) hollow presence and (d)
hollow diameter. Model variables contained in a preferred model but not shown in a
plot were held constant as follows: VOL (-0.6), DECOMP (mod), FREQ (low),
TOPOS (gully) and BACS (3.2).

Table 4.3 Coefficients for the preferred hollow diameter model.
Model term
(Intercept)
LDIAM

Coefficient

S.E.

t-value

P-value

-0.619

0.239

-2.586

0.010

0.641

0.063

10.160

0.000

0.418

0.050

8.433

0.000

FSCAR (No)
(Yes)
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4.5

Discussion

The results of our study reveal that the spatial arrangement of hollow bearing logs is
determined by both the bottom up influences of topography and the imposed effects
of fire frequency and logging. Sites within the ‘low’ fire frequency treatment
generally had a greater density of hollow bearing logs than those within the
‘moderate’ fire frequency treatment, while logs within the ‘low’ fire frequency sites
were more likely to contain hollows. While the effect of fire frequency did not vary
with topographic position in our study as was anticipated, results suggest that gullies
will retain a high density of hollow bearing logs in spite of fire frequency, due to
larger log size and greater abundance extensively decomposed logs. The density of
hollow bearing logs also increased with the amount of timber felled by logging.
Hence, it appears that disturbance regimes associated with forest management (i.e.
logging, frequent prescribed burning) can influence the spatial arrangement of
hollow logs.
As expected, log size and decomposition had the greatest influence on the presence
of log hollows in our study. Larger logs were more likely to have hollows, which is a
pattern that has been observed elsewhere (Williams and Faunt, 1997). Relationships
between log size and hollow availability will largely reflect the process of hollow
formation in live trees, as many log hollows will form while the tree is still standing
(Bunnell and Houde, 2010), and the decay patterns of logs once they have fallen on
the forest floor. Trees with large diameters are more likely to contain hollows (Fox et
al., 2008; Eyre et al., 2010; Robles et al., 2011), mainly because they are older and
have a reduced ability to resist decay (Gibbons and Lindenmayer, 2002).
Furthermore, larger fallen logs may be more susceptible to internal brown rot than
small logs, and thus may have a greater probability of internal decomposition and
cavity formation (Grove et al., 2011). However, hollow producing rots will largely
initiate in living trees (Bunnell and Houde, 2010).
Hollow presence increased as smaller logs reached states of ‘minor’ and ‘extensive’
decomposition, though the effect of decomposition was reduced in larger logs. This
relationship was expected as hollow formation is strongly driven by the process of
decomposition (Gibbons and Lindenmayer, 2002). Positive associations have also
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been observed in eucalypt forests between log decomposition state and both hollow
abundance (Williams and Faunt, 1997) and the presence of internal cavities (Grove et
al., 2011). Eventually the structural integrity of logs may be reduced as
decomposition increases, to the point where logs collapse (Harmon et al., 1986) and
thus subsequently lose their hollows. This was reflected in our results, with the
positive effect of log size on hollow presence diminishing in extensively decomposed
logs.
The density of hollow bearing logs was significantly lower in the ‘moderate’ fire
frequency treatment than both the ‘low’ and ‘high’ treatments (Figure 4.2a).
However, analysis of hollow presence within logs suggests that logs at sites
experiencing both ‘moderate’ and ‘high’ fire frequency had a significantly lower
probability of containing a hollow than logs at sites experiencing ‘low’ fire
frequency (Figure 4.5b). It is possible that the confounding effects of logging may be
responsible for this disparity, whereby a higher proportion of sites in the ‘high’
frequency treatment fell within logging coupes that had been recently harvested (i.e.
since 1986) (Forests NSW unpublished data). This may have resulted in an elevated
density of logs (see below) in the ‘high’ frequency treatment, thus masking the effect
of fire frequency.
The correlative nature of the study makes it difficult to identify the specific
mechanisms leading to the lower probability of hollow presence in logs at sites
experiencing ‘moderate’ or ‘high’ fire frequency. Logs that are either ‘extensively’
decomposed or have a high surface area to volume ratio, such as many hollow
bearing logs, are more likely to be consumed and destroyed during a fire (Knapp et
al., 2005; Hyde et al., 2011). Hence, hollow logs may be disproportionately affected
by fire, which could explain the patterns we observed. Alternatively, sustained longterm frequent fire may have resulted in changes to stand structure through the
inhibition of tree recruitment (Guinto et al., 1999), leading to bottlenecks in log
input, which in turn may influence the abundance of hollow logs. However, there did
not appear to be any obvious differences in stand structure across fire frequency
treatments in our study (author’s unpublished data), suggesting that this explanation
is less likely.
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The positive effect of basal area of cut stumps on the number of hollow bearing logs
and the number and volume of highly decomposed logs indicates the impact of
logging practices, whereby unmerchantable felled timber (i.e. highly decomposed or
hollow) is left in situ (Grove, 2001). This conclusion is supported by the fact that on
more intensively logged sites (>10 m2ha-1) in our study area, 25% of the 298 logs for
which the cause of collapse was recorded were cut, whereas on less intensively
logged sites (<10 m2ha-1) only 16% of 360 logs were cut. Furthermore,
approximately 64% of logs that had been cut contained a hollow, while only 47% of
logs falling from other causes contained a hollow. However, this is likely to be a
relatively temporary pattern, as intensively logged sites may have reduced input of
logs for some time after harvest, which coupled with the decay of logging residue
may lead to long periods (i.e. centuries) of low log volumes (Harmon et al., 1986;
Grove, 2001; Webster and Jenkins, 2005). While self thinning of regenerating stands
may provide a source log input, this material will be unlikely to contain hollows. As
much of the logging activity recorded across the forest surveyed in our study ceased
between the 1970s and 1990s (i.e. ~15 – 35 years pre survey), it is likely that there
will be future declines in log volume and hollow availability across intensively
logged coupes in the study area to below that in unlogged sites, highlighting that high
log volume and hollow availability now should not be misinterpreted as providing
good habitat in the long-term.
The high density of hollow bearing logs within gullies most likely reflects greater
productivity (i.e. nutrients, moisture) within these environments, which influences
both stand size and composition (McColl, 1969). Site moisture has been positively
associated with the volume of large logs (Spies et al., 1988; Webster and Jenkins,
2005) and decay rate (Harmon et al., 1986; Brown et al., 1996), which are
characteristics associated with hollow presence. Differences in tree species between
gullies and ridges may have also contributed to the observed patterns, as decay rates
may vary between species (Harmon et al., 1986; Brown et al., 1996). However, we
were unable to determine the extent to which species influenced the density of
hollow logs as we were unable to accurately record this variable.
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Surprisingly, wildfire severity did not affect the abundance of hollow logs or the
probability of hollow presence within logs. Williams and Faunt (1997) suggest that
low-moderate fire intensity may promote hollow formation and high intensity fire
may destroy hollows. In contrast, recent work by Grigg and Steele (2011) suggests
that wildfire intensity has little effect on hollow abundance in log piles. As large logs
typically are not consumed by the rapidly passing fire front, it is likely that fire
residence time or local weather conditions pre and post burn (e.g. rainfall, humidity)
will be more important in determining the degree of log consumption and hence
hollow destruction.
Hollows with internal charring were generally larger than those without, though
neither fire frequency nor severity was found to have a significant association with
hollow size. Fire may excavate and enlarge hollows in trees through the consumption
of decayed material (Gibbons and Lindenmayer, 2002), which provides the most
plausible explanation for the larger size of hollows with internal charring. This
suggests that fire may play an important role in creating hollows suitable for larger
vertebrate fauna (e.g. Spotted-tailed Quoll Dasyurus maculatus). However, charred
logs can have reduced habitat value for some animals (e.g. small mammals) (Maser
et al., 1979), and they may be utilised by fewer invertebrate and vertebrate fauna
compared to unburnt logs (Croft et al., 2010). Hence it is possible that hollows
excavated by fire will temporarily (i.e. until they lose their internal charring) have
lower habitat value than those created solely though decomposition. Information
pertaining to the number and characteristics (size, charring) of log hollows required
by fauna is currently very limited, and should be an area of future research.
While the effect of fire frequency did not vary with topographic position, it is likely
that gullies will still retain a high density of hollow logs within landscapes burnt at
relatively high fire frequency (5 – 10 year intervals), as logs within gullies are
typically larger and more decomposed, and thus more likely to contain hollows.
Anthropogenic disturbances which alter stand and log demography (i.e. size and
decomposition), such as intensive logging, are likely to reduce hollow availability
within gullies in the long term. Hence, excluding or limiting logging within riparian
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areas and lower slopes may help maintain connectivity of log hollow resources
within frequently burnt landscapes.

4.6

Conclusions

Log hollows are utilised by a diverse array of vertebrate fauna across a range of
forest ecosystems (Maser et al., 1979; Dickman, 1991). The results of our study
indicate that current fire management practices, where fuel reduction burns may be
applied at short intervals (i.e. ~5 - 10 years, which is approximately equivalent to our
‘moderate’ and ‘high’ fire frequency categories), could potentially lead to a reduction
of log hollows across large areas of dry sclerophyll eucalypt forests similar to those
investigated in this paper. This will be of particular concern in forests which are
currently intensively harvested for timber, or have experienced intensive logging or
clearing in their ‘recent’ (i.e. ~100 years) history, as these activities may have a long
lasting negative impact on the density of large and highly decayed logs (Grove,
2001; Webster and Jenkins, 2005), and hence hollow availability, which could be
further compounded by frequent fire.
The ecological value of gullies and riparian zones as areas of unique and high quality
habitat of importance to fauna has been emphasised in several previous studies (e.g.
Soderquist and Mac Nally, 2000; Palmer and Bennett, 2006). The results of our study
suggest that gullies may provide higher quality habitat for species utilising log
hollows, as they contain a greater density of hollow bearing logs. While the effect of
fire frequency on log hollows did not vary with topographic position, gullies
nevertheless are likely to provide a higher density of this resource when burnt
relatively frequently (i.e. ~5 - 10 year intervals) due to the strong influence of log
size and decomposition on hollow presence within logs.
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5 FIRE REGIMES AND TOPOGRAPHY AS DRIVERS OF THE
ABUNDANCE OF SMALL GROUND DWELLING AND ARBOREAL
MAMMALS IN TEMPERATE FORESTS OF SOUTH EASTERN
AUSTRALIA

5.1

Abstract

Frequent burning associated with the anthropogenic management of temperate
eucalypt forests may lead to the decline of many animal populations. However, it is
unknown how topography, via the mitigation of fire effects, may influence the
resilience of fauna across frequently burnt landscapes. Our study examined whether
local- and landscape-scale topographic variability altered the effect of fire frequency
(number of fires, fire interval) on small and medium-sized mammal abundance.
Arboreal and ground dwelling mammal surveys were undertaken at 44 and 26 sites
respectively, and sufficient data were collected to perform analyses for Rattus
fuscipes, Antechinus stuartii and Petaurus breviceps. There was some evidence
suggesting that the effect of fire interval on P. breviceps and male A. stuartii varied
with topography, though these findings were not conclusive due to statistical
uncertainty. Models suggest that fire frequency had little effect on fauna abundance,
with only male A. stuartii showing a response, increasing with fire interval length.
Gullies supported greater abundance of R. fuscipes, while the abundance of P.
breviceps was greater in flat areas. We propose that the complex topography of the
study area, variation of fire intervals within fire frequency categories and the
generally flexible habitat requirements of the species may be contributing to absence
of a fire frequency effect.

5.2

Introduction

Interactions between fire regimes and landscape heterogeneity have been recognised
as potentially important determinants of patterns of the composition and persistence
of biota (Williams et al., 1994; Mackey et al., 2002; Perry et al., 2011). Changes in
fire frequency may alter vegetation communities, habitat structure, and animal
populations (Morrison et al., 1996; Gill and Catling, 2002; Andersen et al., 2003;
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Fuhlendorf et al., 2006). However, spatial variation in fire behaviour in response to
landscape characteristics (e.g. microclimate, fuel, terrain) promotes environmental
heterogeneity, which can facilitate species persistence across landscapes (Mackey et
al., 2002). Understanding the influence of landscape heterogeneity in shaping species
response to fire frequency may have important implications in regard to habitat
conservation and fire management, in particularly the degree of anthropogenic fire
management required for species conservation (Bradstock et al., 2005; Parr and
Andersen, 2006).
Animals that are likely to be responsive to changes in fire frequency appear to be
those dependent upon structurally complex habitat and with limited dispersal ability
(Catling, 1991; Woinarski, 1999). The in situ survival, persistence and recolonisation
of these species following a fire will be largely dependent upon the availability, size
and arrangement of unburnt vegetation (i.e. refugia) (Whelan et al., 2002; do Rosário
and da Luz Mathias, 2007). The spatial and temporal regularity of these refugia are
likely to influence the probability of these species persisting through recurrent fires
(Bradstock et al., 2005). Furthermore, as frequent broadscale burning can modify
habitat structure, and hence suitability for fauna (Gill and Catling, 2002; Andersen et
al., 2003; Fuhlendorf et al., 2006), locations within the landscape which consistently
avoid fire may retain important habitat structure and associated animal populations
(Mackey et al., 2002).
Topography has a well documented influence on the severity and patchiness of both
prescribed burns (Penman et al., 2007) and wildfires (Holden et al., 2009; Bradstock
et al., 2010), and thus may generate spatial variation in mean fire return intervals
(Penman et al., 2007; Stambaugh and Guyette, 2008). Topographic features that
reduce fire severity, or restrict the passage of fire (e.g. moist topography), have been
associated with the occurrence of structurally unique habitat (e.g. old growth forest)
(Camp et al., 1997; Mackey et al., 2002; Keeton and Franklin, 2004), and may
support source populations of fauna that are lost following a high intensity fire
(Mackey et al., 2002). Topographic complexity will influence the spatial
arrangement of such refugia across landscapes (Bradstock et al., 2010), with
increasing topographic dissection likely to have a positive effect on refugia density.
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Hence, the impact of fire frequency on any particular population may be dependent
on the degree of in situ and neighbouring topographic variation (Bradstock et al.,
2005; Bradstock et al., 2010). Empirical studies designed specifically to assess these
relationships are, however, lacking.
Open eucalypt forests are widespread across south east Australia, and subject to
recurrent fires, with average fire return intervals estimated to be in the order of every
3 – 20 years in drier forest types (Gill and Catling, 2002). Frequent prescribed
burning is used in these forests for the purpose of fuel reduction (Morrison et al.,
1996; Boer et al., 2009). Gullies and riparian areas within these forests typically burn
at a lower severity than adjacent ridges during wildfires (Bradstock et al., 2010), and
have a greater probability of remaining unburnt during prescribed burns (Penman et
al., 2007). Consequently, gullies have been observed to provide refuge for a diverse
array of fauna during and after fire, especially small terrestrial and arboreal mammals
(Lunney et al., 1987; Irvin et al., 2003). It has been hypothesised that in the face of
frequent fire, gullies and riparian areas will maintain complex forest structure, and
consequently higher abundances of species dependent upon this habitat (Catling,
1991), though this remains untested.
This paper aims to examine whether the influence of fire frequency on small
mammals within temperate open eucalypt forests varies with topography at both the
local scale (i.e. topographic position) and landscape scale (i.e. topographic
variability). It is hypothesised that the effect of fire frequency on fauna abundance
will be dependent on topographic variation at differing scales: i.e. (i) ridges as
opposed to gullies and (ii) in flat as opposed to topographically dissected landscapes.
Although not the focus of this study, the potential impact of fire severity and logging
was also assessed, as they can influence animal abundance (Lunney et al., 1987;
Whelan, 1995; Kavanagh and Stanton, 2005; Smucker et al., 2005). Small and
medium-sized mammals were the focal species of our study, as they are likely to be
responsive to changes in fire regimes due to their relative restricted dispersal ability
(i.e. compared to most birds and larger mammals) and dependence upon flammable
habitat (Catling, 1991; Whelan et al., 2002).
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5.3

5.3.1

Methods

Study area

The study was undertaken within the Shoalhaven region of south eastern New South
Wales, approximately 150 km south of Sydney (Figure 5.1). Sites were located
within sclerophyll forest comprised of a mix of myrtaceous canopy species from the
genera Eucalyptus, Corymbia and Syncarpia, which typically show a high level of
vegetative recovery following fire (Florence, 1996). The forests examined in our
study typically occur on soils of low to moderate fertility (Florence, 1996).
Productivity generally varies with local topography, increasing from ridge to gully,
resulting in distinct differences in community composition (Florence, 1996).
Dominant canopy species on ridges and upper slopes were typically Corymbia
gummifera, Eucalyptus globoidea, E. piperita, E. pilularis and Syncarpia
glomulifera. Dominant canopy species in gullies were typically E. pilularis, E.
saligna x botryoides and Syncarpia glomulifera.
The forests examined have been fragmented by land clearing for agriculture and
housing, and remnant vegetation has been historically subjected to logging.
Available logging records (1970s – present) suggest that timber removal in the study
area has been largely selective, with little logging occurring in the past 20 years
(Forests NSW unpublished data). All study sites contained evidence of logging (i.e.
cut stumps), though the intensity of timber removal appeared to vary considerably
across the study area (author’s unpublished data).
Climate in the region is temperate, with a mean monthly minimum temperature
(winter) of 5°C – 10°C and a mean monthly maximum temperature (summer) of
22°C – 27°C. Mean annual rainfall is 1000 mm - 1200 mm, which falls relatively
consistently throughout the year. Within the study area topographic complexity
increases from the coast west to the escarpment, with elevation differences between
ridges and gullies ranging from ~30 m on the coast to 100 m in the west.
Sedimentary rock (i.e. siltstones, sandstones and shale) of Permian origin is the
dominant parent material.
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Figure 5.1 Location of study sites. The different symbols depict the topographic and
fire frequency classification of each site (refer to Table 5.1 for descriptions).

5.3.2

Site selection

A geographic information system (ArcGIS 9.2) was utilised to identify suitable study
sites using a stratified sampling approach based on topographic position and fire
frequency. All sites were selected within forests most recently burnt during a large
wildfire in 2001/02, in order to control for time since fire effects, which can be
substantial (Wittkuhn et al., 2011). Topographic position was classified as ‘gully’,
which included riparian areas with second to fifth order water courses as well as
lower slopes, or ‘ridge’, which included ridgetops and upper slopes. Topographic
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position was identified using digital elevation models (DEM) and 1:25 000
topographic map-sheets. Topographic variation was measured as the standard
deviation of DEM within 300 m and 500 m of a pixel (Table 5.1).
Fire history layers obtained from Forests NSW (FNSW) and the NSW Office of
Environment and Heritage (OEH) were used to calculate the frequency of fires
between the start of the 1975/76 fire season and the end of the 2001/02 fire season
(27 years). Three suitable fire frequency categories were identified: (i) two or fewer
fires or more than an 18 year interval between the two most recent fires (‘low’), (ii)
three fires (‘moderate’) and (iii) four or more fires (‘high’). Variance in intervals
within the ‘high’ category was large, ranging from approximately 3 – 15 years. The
interval between the two most recent fires to burn the entire site was also calculated
for each site (Table 5.1).
Sites were identified as potentially suitable if greater than 55% (mean ± s.e. = 91 ±
2%) of the landscape within a 500 m buffer surrounding the site midpoint fell within
one of the fire frequency categories. All sites occurred along forest roads and had
midpoints greater than 250 m from any major land clearing. Sites were at least 1 km
apart to ensure independence for the yellow-bellied glider Petaurus australis, which
has the largest home range (~60 ha; Goldingay and Jackson, 2004b) of the target
species. A total of 44 sites were identified as suitable based on these criteria, with 6-9
replicate sites available within each combination of fire frequency and topography,
and were interspersed across the study area (Figure 5.1).
Arboreal mammals were surveyed at all 44 sites. At each site a 200 m transect was
established along the forest road, which was utilised to survey arboreal mammals. It
was estimated that animals would be visible up to 50 m from transects, making sites
approximately 2 ha in size (i.e. 100 m x 200 m; Figure 5.2). Due to the time intensive methods required to survey small mammals, these were only surveyed at
sites in the ‘low’ and ‘high’ fire frequency categories. Trapping grids (40 x 40 m) for
small mammals were established on predominantly north to east (315 - 135°) facing
slopes within the 2 ha area (Figure 5.2). As topographic restrictions (i.e. waterways,
steep slopes) prevented trapping grids from being established at all spotlighting sites,
an additional four 2 ha sites that were not bisected by forest roads were subsequently
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included solely for mammal trapping. A total of 26 sites were sampled for small
mammals. All surveys were undertaken between September 2008 and July 2010.

Table 5.1 Description of variables used in analysis of fauna abundance
Analysis
Disturbance

Variable
FREQab

RINTab
TOPOSab

Habitat

DEM500ab
DEM300ab
FSEVab
STUMPSab
TBASab
HBTa
THOLab
CGUMa
ACACa
VCOVb
VCOMPb
VEG>2Ma
SHRb
GROUNDb
VOLLOGb
LOGHOLb
TGLOGSb

Description
Fire frequency (1975/76-2001/02). Classed
as either (i) Low: ≤2 fires or at least 18 years
between two most recent fires; (ii) Moderate:
3 fires; or (iii) High: ≥ 4 fires
Interval between the two most recent fires.
Topographic position (ridge or gully). Gullies
included riparian areas and lower slopes
generally within ~60-80 m of a clearly
defined 2nd – 5th order waterway. Ridges
included upper slopes generally within ~60 m
of a ridge line. Gullies did not exceed the
lower third of the slope profile, while ridges
did not exceed the upper third.
Standard deviation of elevation within 500m.
Standard deviation of elevation within 300m.
Severity of the 2001/02 fire.
Number of cut stumps.
Basal area of trees (m2/ha).
Number of trees containing hollows.
Number of tree hollows.
Corymbia gummifera density, low (0ha-1),
moderate (5-20 ha-1) and high (>20 ha-1).
Mean density of Acacia.
Combined vegetation cover (%).
Vegetation complexity score
Vegetation cover >2 m tall (%).
Shrub cover (%).
Ground cover (%).
Volume of logs (m3/ha).
Number of log hollows.
Number of logs within the trapping grid.

Transformation
-

Logarithmic
-

Square roota
Logarithmic
Logarithmic
Square root
Square root
Square root
Square root
Square root
Square root
-

a

variable used in analysis of arboreal mammals, b variable used in analysis of small
mammals

5.3.3

Call playback and spotlighting

Arboreal mammals were surveyed using a combination of spotlighting and call
playback, with surveys commencing 30 min after dusk and ceasing by 0200 hrs.
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Spotlighting was undertaken along the 200 m transect (Figure 5.2) over a 30 min
period (20 min along the transect and 10 min on the way back). Both sides of the
transect were surveyed by a single observer using a 30 watt spotlight and binoculars.
All mammals seen or heard were recorded. Notes were made of the distance and
direction of vocalising animals to avoid recording the same individual twice. A call
playback census was conducted following spotlighting in order to improve the
chances of detecting the yellow-bellied glider (Petaurus australis) (Incoll, 2001).
Call playback involved broadcasting calls of the powerful owl (Ninox strenua), sooty
owl (Tyto tenebricosa), masked owl (T. novaehollandiae) and P. australis at the
centre of the site for approximately 5 min (i.e. 20 min total) using a 15-watt
megaphone. Periods of silence were included intermittently during playback to listen
for animal responses. This technique is utilised as P. australis may respond
aggressively to calls of these owls as well as unfamiliar conspecifics (Incoll, 2001).
Sites were surveyed three times between September 2008 and July 2010, with
replicate surveys occurring at least one month apart and over at least two different
seasons. Surveys were conducted under calm conditions with little or no rain, in
order to maximise survey efficiency (Wintle et al., 2005).

5.3.4

Elliott trapping

Ground dwelling mammals were surveyed between November 2008 and June 2010,
with each site being sampled twice, once during late spring or early summer
(November-January) and again the following autumn (March-May). Small ground
dwelling mammals were live captured on trapping grids comprised of five rows of
five Type A Elliott traps (8 x 8.5 x 32.5 cm) spaced 10 m apart (Figure 5.2). One
Type B Elliott trap (15 x 14 x 47 cm) was placed in each corner of each trapping grid
(i.e. 25 x Type A and 4 x Type B per site). Traps were at least 10 m from any roads
or clearings. Traps were baited with a mixture of peanut butter, honey and rolled
oats. Trapping was undertaken over five nights: traps were set for two consecutive
nights, left shut on the third night, and set again for the remaining two nights (i.e.
116 trap nights per sampling session). Traps were set within three hours of sunset
and checked within three hours of sunrise. Animals captured were identified, sexed,
weighed, marked with unique ear notches and released. Traps were cleaned before
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being replaced, as the odour of conspecifics and competing species may influence
trap success (Tasker and Dickman, 2002).

200 m

Habitat
transect

50 m
50 m

100 m
habitat
transect

Spotlighting

50 m

Forest road
Vegetation
cover plot
Trapping grid

Figure 5.2 Typical layout of spotlighting transect, trapping grid and transects and
quadrats for habitat surveys. Habitat variables relating to small mammals were
recorded within the trapping grid or on the three closest transects to the trapping grid
(depicted in bold).

5.3.5

Habitat variables

Eleven habitat variables were measured across each 2 ha site (Table 5.1). Five 4 x
100 m transects with 50m spacing and in two 50 m sections on either side of the road
(Figure 5.2) were established at each site to record information relating to potential
habitat trees. A habitat tree was defined as any standing timber, living or dead, with a
diameter at breast height over bark (DBHOB) greater than 35 cm, and in the case of
stags a height greater than 2 m. We focused on trees with these dimensions as they
are more likely to provide important habitat features such as hollows for nesting and
foraging resources (Eyre et al., 2010). Habitat tree basal area was calculated by
measuring the DBHOB of each tree. Trees height, fire scar height and the number of
hollows (diameter >2 cm) in each tree was recorded. Fire severity was measured as
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the mean fire scar height to tree height for living trees across a site. The number of
cut stumps was also recorded.
Three 50 m line transects surrounding the trapping grid were used to sample fallen
logs (Figure 5.2). Log volume was estimated using the line intersect method, as
outlined in Lindenmayer et al. (1999):

²/ 8

∑

Equation (1)

whereby DIAM is the intersected diameter (cm) at right angles to the length of a log
and LEN is the transect length (m). A log was defined as fallen timber greater than 1
m long and greater than 20 cm diameter, as logs with these dimensions appeared to
have a propensity to contain hollows. The number of hollow entrances was recorded
for each log intersected.
Six 20 x 20 m quadrats were established across the site (Figure 5.2), within which the
vegetation cover (to the nearest 5%) was estimated for five vegetation layers: tree
canopy, understorey, shrubs (>2m), shrubs (0.75 - 2m), shrubs (<0.75) and ground
cover (grass, herbs, ferns, cycads). The number of Acacia with a DBHOB greater
than 3 cm was also recorded, as these are an important source of food for gliders
(Goldingay and Jackson, 2004b). Mean vegetation cover and Acacia density per
quadrat were calculated for each site. Vegetation cover and the number of logs were
also recorded in each 40 x 40 m trapping grid for terrestrial mammal analysis. A
vegetation complexity score (Tasker and Bradstock, 2006) was calculated by
assigning each vegetation layer to one of five scores (% cover): 0 (<1%), 1 (1-5%), 2
(6-30%), 3 (31-70%), 4 (>70%). Scores for each layer were then summed to create a
vegetation complexity score. Vegetation cover data were pooled in various
combinations to reflect the broad vegetation strata that were perceived as providing
important habitat for the study species (Table 5.1).

96

5.3.6

Statistical analysis

The number of unique individual R. fuscipes recorded per trapping period and P.
breviceps recorded per spotlighting visit was analysed using generalised estimating
equations, due to the correlated nature of the repeated measures at each site and lack
of normality of the animal count data (Norusis, 2007). A negative binomial link
function was specified, as overdispersion was evident in the animal counts. Details of
model specification and tests of assumptions are provided in Appendix 5. Model
building was conducted separately for ‘disturbance’ and ‘habitat’ variables (Table
5.1). Models containing ‘disturbance’ variables were built manually using a
backwards elimination procedure, whereby a complete model was specified and
variables were then removed sequentially if they were not statistically significant (p
> 0.05). Once a final reduced model was reached, eliminated variables were
sequentially added back into the model and retained if their effect was statistically
significant. Variables were also assessed individually for significance. Complete
models included all uncorrelated variables and an interaction between a pair of fire
frequency (FREQ, RINT) and topography (TOPOS, DEM300, DEM500) variables
(Table 5.1). All possible combinations of uncorrelated variables and one way
interactions were utilised. The corrected quasi likelihood under independence model
criterion (QICC) was used to test the goodness of fit of the final models. The effect
of habitat variables (Table 5.1) was modelled individually.
Strong seasonal variation was evident in the abundance of Antechinus stuartii, due to
the death of all males following the breeding season (August). Therefore, it was
deemed appropriate to analyse the total number of unique individual A. stuartii
recorded at each site over the duration of the study. Data was broken up into sexes,
as male biased dispersal occurs in this species (Fisher, 2005), and as such males may
occupy lower quality habitat. A similar approach was taken by Holland and Bennett
(2009) for the closely related Antechinus agilis. Multiple regression and Poisson
regression were used for male and female analyses respectively. Modelling followed
the procedure described above and was performed using SPSS (v17.0).
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5.4

Results

Eleven species of native mammals were recorded during surveys, which included
four primarily terrestrial species and seven arboreal species (Table 5.2). The most
commonly detected species were Antechinus stuartii, Rattus fuscipes and Petaurus
breviceps, which were recorded on 79%, 83% and 46% of visits (Table 5.2). The
number of individuals recorded per visit ranged from 0 – 13 for A. stuartii, 0 – 9 for
R. fuscipes and 0 – 4 for P. breviceps, and consequently there was sufficient data for
statistical analysis. Other species were detected too infrequently for any statistical
analysis to be conducted (Table 5.2), however there were some interesting patterns in
their distribution. The greater glider P. volans was observed at a greater proportion of
gully sites (30% of sites) than ridges (8% of sites). Similarly, approximately 70% of
P. australis detected were located in gullies or lower slopes. A more detailed
discussion of each of the three commonly observed species in turn follows.

Table 5.2 Species recorded during spotlighting, call playback and trapping surveys.
Species
Ground dwelling mammals
Antechinus stuartii
Rattus fuscipes
Antechinus swainsonii
Perameles nasuta
Arboreal mammals
Petaurus breviceps
Petaurus australisa
Petauroides volans
Acrobates pygmaeus
Trichosurus vulpecula
Trichosurus caninus
Pseudocheirus peregrinus
a

No. of
sites
detected

No. of
sites
surveyed

No. of
visits
detected

No. of
visits

Total no.
of obs.

26
24
2
7

26
26
26
44

41
43
2
9

52
52
52
132

167
143
2
9

39
10
8
5
4
3
4

44
44
44
44
44
44
44

60
17
10
5
4
3
4

132
132
132
132
132
132
132

102
30
13
6
5
4
5

Abundances for P. australis include animals vocalising within 300 m of a site

The abundance of male A. stuartii was greater at sites with longer recent inter-fire
intervals (F1:24 = 5.342, p = 0.030, R2 = 0.18; Table 5.3; Figure 5.3a). Topography
had no effect on this relationship. None of the habitat variables measured
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significantly influenced the abundance of males (Table 5.3). In contrast, for female
A. stuartii there was a weak interaction between inter-fire interval and topographic
position (Wald χ2 = 3.890; p = 0.049), with abundance increasing with length of fire
interval on ridges but remaining relatively unaffected by length of fire interval in
gullies. However, this model was disregarded as it did not differ significantly from
the intercept only model. None of the remaining disturbance variables were found to
significantly affect the abundance of female A. stuartii (Table 5.3). The abundance of
female A. stuartii was positively associated with the number of log hollows (Wald χ2
= 4.615; p = 0.032) and the volume of logs (Wald χ2 = 4.372; p = 0.037), which were
correlated, and ground cover (Wald χ2 = 4.112; p = 0.043). Because of the similarity
of the relationships, only the correlation with log hollows is depicted (Table 5.3;
Figure 5.3b).
The abundance of R. fuscipes was unaffected by variables relating to the fire regime
(i.e. FFREQ, RINT, FSEV) and logging (STUMP). Topographic position was the
only variable included in the preferred model (Table 5.4), with abundance of R.
fuscipes being greater in gullies than on ridges (Figure 5.3c). None of the measured
habitat variables had a significant effect on the abundance of this species (Table 5.4).

Table 5.3 Parameter estimates of preferred abundance models for A. stuartii.
Analysis
Male

Model
Disturbance

Female

Habitat
Disturbance
Habitat

Model term
Intercept
RINT
Null
Null
Intercept
LOGHOL

Coefficient
0.223
1.027
0.669
0.210

S.E.
1.096
0.444
0.275
0.098

P value
0.841
0.030
0.015
0.032
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Figure 5.3 Relationships between (a) male A. stuartii abundance and the recent fire
interval, (b) female A. stuartii abundance and the number of log hollows, (c) mean
abundance (± std err.) of R. fuscipes on ridges and gullies, and (d) P. breviceps
abundance and the standard deviation of elevation within 300 m of a site.

Table 5.4 Parameter estimates for the selected generalised estimating equations for
R. fuscipes and P. breviceps.
Species
R. fuscipes

Model
Disturbance

P. brevicpes

Habitat
Disturbance
Habitat

Model term
Intercept
TOPOS (Gully)
Null
Intercept
DEM300
Null

Coefficient
0.405
0.935
0.259
-0.037
-

S.E.
0.327
0.419
0.268
0.016
-

P value
0.214
0.026
0.335
0.022
-
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For P. breviceps the initial model selection suggested that their abundance was
significantly influenced by an interaction between recent fire interval (RINT) and the
variation in elevation within 500 m of a site (DEM500; Wald χ2 = 7.046, p = 0.008),
whereby abundance decreased with increasing fire interval length in flat landscapes
and increased with increasing fire interval length topographically dissected
landscapes. However, model diagnostics indicated that two sites were influential
outliers, and their removal altered the significance of the interaction term (Wald χ2 =
1.034, p = 0.309). This led to the selection of a more parsimonious model containing
only DEM300 (Table 5.4), which had only a slightly lower model fit than the former
model (∆QICC = 0.95). This model suggests that the abundance of P. breviceps is
simply greater in flatter areas (Figure 5.3d). The abundance of P. breviceps was not
affected by any of the measured habitat variables (Table 5.4).

5.5

Discussion

Our results provided some evidence that the effect of fire frequency on the
abundance of P. breviceps and A. stuartii may be dependent upon topographic
variation at differing scales. Significant interactions suggested that: (i) the abundance
of P. breviceps decreased with an increasing length of the recent fire interval in
topographically homogeneous landscapes, though this relationship was reversed in
topographically complex landscapes; and (ii) the abundance of female A. stuartii
increased as the length of the recent fire interval became longer on ridges, but was
relatively unaffected by recent fire interval in gullies. However, in both cases our
findings were not conclusive due to lack of sufficient statistical power. Wildfire
severity and measures of logging intensity did not significantly affect the abundance
of the study species. In general topography had a greater influence on fauna
abundance than any of the disturbance variables.
The general lack of effect of fire frequency was unexpected as the reduction of forest
structure associated with frequent burning has been predicted to lead to a decline in
the abundance of R. fuscipes and P. breviceps (Catling, 1991). Several previous
empirical studies have supported this prediction, with frequent fire having been
associated with reduced abundances of R. fuscipes in eucalypt forests (Tasker and
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Dickman, 2004; Lindenmayer et al., 2008) and P. breviceps in savannah woodlands
(Corbett et al., 2003). In contrast, our study found that only male A. stuartii
responded to fire frequency, showing a positive association with longer recent fire
intervals, which is a pattern that has been reported for A. stuartii by others within the
study region (Lindenmayer et al., 2008). The lack of a fire frequency effect in our
study may be related to a combination of fire interval variation, the topography of the
study landscape and the generalist nature of the study species, and these are
discussed below.
Fire intervals within any given site in the ‘high’ frequency category of our study
were variable, with most sites experiencing both short (3 – 5 years) and long
intervals (10 – 15 years). The component of longer fire intervals within this category
may have mitigated the impact of the short intervals, and this is the most likely
explanation for the lack of fire frequency effect observed in our study. A similar
conclusion was reached by Wittkuhn et al. (2011), who suggested that invariant fire
intervals were more likely to result in ecological changes. Studies in which small
mammal abundances have been reported to respond to fire frequency typically
involved invariant fire intervals maintained over long periods (e.g. Tasker and
Dickman, 2004; Woinarski et al., 2004), or the occurrence of multiple short intervals
(e.g. Corbett et al., 2003). Nevertheless, variations in the intervals examined in our
study are likely to be representative of those occurring across large tracts of actively
managed public land and thus the response of interest.
An important feature of our study design was the common time since fire (i.e. 6 – 9
years) of our study sites, which allowed us to control for the changes in mammal
abundance that may occur following fire (Fox and McKay, 1981; Catling et al.,
2001). Confounding effects of time since fire have been an issue in many studies
which have previously reported a response of mammal abundance to fire frequency,
whereby infrequently burnt sites were typically long unburnt and frequently burnt
sites were typically recently burnt (e.g. Corbett et al., 2003; Tasker and Dickman,
2004; Lindenmayer et al., 2008). Hence, the contrasting results recorded in our study,
whereby fire frequency had little effect on mammal abundance, may partially reflect
the controlled nature of time since fire.
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Ridge to gully distances across the study area were typically in the order of 100 - 500
m, which is comparable to maximum dispersal distances recorded for R. fuscipes
(~400 m) (Wood, 1991), A. stuartii (~1230 m) (Fisher, 2005) and P. breviceps (~700
m) (Suckling, 1984). Furthermore, some sites were located close (< 500 m) to fire
boundaries. Therefore, unburnt refugia provided by gullies and beyond the fire
perimeter would have commonly been available to animals within the study sites.
Recolonisation of completely burnt habitat by R. fuscipes and A. stuartii typically
commences within three years post-fire (Fox and McKay, 1981), and repopulation
will generally be rapid due to the high reproductive capacity (Sutherland and
Dickman, 1999). Therefore, it would be expected that maintained short fire intervals
(i.e. < 3 – 5 years) would be required to inhibit repopulation of burnt habitat by these
species within this topographic environment. While the post-fire response of P.
breviceps is not well known, it is likely that intervals of similar duration (i.e. < 5
years) could inhibit repopulation.
The study species were not strongly associated with habitat measures in our study,
which may imply a degree of flexibility in the species habitat requirements. This is
supported in the literature, as these species typically occupy a range of structurally
distinct vegetation communities (e.g. woodland, open forest, closed forest)
(Goldingay and Jackson, 2004a; Lindenmayer et al., 2008). While R. fuscipes and A.
stuartii have shown associations with dense cover at ground level, they appear to
have the ability to utilise different structures (e.g. logs, vegetation, rocks) to meet this
need (Whelan et al., 2002; Dickman and Steeves, 2004; Tasker and Dickman, 2004).
Similarly, P. breviceps is capable of utilising a range of hollow sizes for nesting
(Gibbons et al., 2002), and has an apparently broad diet (Goldingay and Jackson,
2004b). Theoretically such adaptability should increase resilience to resource
alteration associated with changes in fire regimes (Whelan et al., 2002; Bradstock et
al., 2005), which may explain why these species showed little association with the
fire frequency treatments examined in our study.
Gullies and riparian areas supported greater abundance of R. fuscipes in our study,
which is a pattern commonly reported within eucalypt forests (Catling and Burt,
1995; Irvin et al., 2003; Claridge et al., 2008). Gullies also appeared to be utilised
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more frequently by P. volans and P. australis, though insufficient observations
prevented statistical analysis of these relationships. Lunney (1987) similarly
observed that P. volans and P. australis were more abundant in gullies than on ridges
in eucalypt forest 200 km south of our study. The conservation value of gullies has
been emphasised in numerous studies (Soderquist and Mac Nally, 2000; Palmer and
Bennett, 2006), and our results support the notion that gullies provide higher quality
habitat for certain species. However, as riparian areas and adjacent uplands often
support unique assemblages of fauna, there will be value in preserving habitat across
a range of topographic settings (Lindenmayer et al., 2009b).
Logging intensity (i.e. number of cut stumps) and fire severity did not influence the
abundance of R. fuscipes, A. stuartii or P. breviceps. Previous studies have shown
that both P. breviceps and A. stuartii appear to be reasonably tolerant to logging
(Lunney et al., 1987; Kavanagh and Stanton, 2005), which agrees with our findings.
Logging has been found to have a negative impact on R. fuscipes through the
associated reduction of vegetation cover (Lunney et al., 1987). However, the major
impacts of logging on vegetation structure will typically be confined to the first
couple of decades post harvest (Tasker and Bradstock, 2006). The majority of sites
surveyed in our study had not experienced timber removal in the past 20 years, which
suggests vegetation structure had sufficient time to recover at these sites. Similarly, it
is likely that impacts associated with fire severity may have dissipated by the late
post-fire stage at which the study took place (i.e. 6 – 9 years).
Spatial information relating to the severity of the fires examined in our study was
limited to the 2001/02 fire. Therefore, fire severity and patchiness could not be
quantified for any of the previous fires. Consequently, for all these earlier fires if a
part of the landscape fell within a fire polygon it was considered to be burnt.
However, fires show considerable spatial variability in dry sclerophyll forests
(Bradstock et al., 2010) and fire polygons would have included areas which remained
unburnt. This variation will undoubtedly have contributed to error in our fire
frequency classification and could have contributed to statistical ‘noise’.
Examination of fire scarring at the base of canopy trees suggested that trees with fire
scars were more common on ridges burnt 3 or ≥4 times than ridges burnt ≤2 times
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(author’s unpublished data). It would be expected that the probability of a tree
containing a fire scar would increase with the number of fires experienced, and as
such these observations lend support to the utility of fire perimeter data to estimate
fire frequency at a given point in the landscape.
The effect of frequent fire on habitat structure and fauna will be dependent upon
ecosystem productivity and its potential implications for vegetation response to fire
(Huston, 2003). Hence, our findings may only have broader implications for forests
of low – moderate productivity dominated by canopy species with the capacity to
recover vegetatively following fire. Responses in more productive, tall open eucalypt
forest may differ due to differences in inherent regeneration characteristics,
disturbance regimes (i.e. fire intensity, frequency and harvesting syndromes) and
resources (Florence, 1996; Gill and Catling, 2002; Huston, 2003). Nonetheless dry
sclerophyll eucalypt forests on relatively infertile soils constitute the bulk of the
forested biome in Australia (Florence, 1996; Montreal Process Implementation
Group for Australia, 2008). Thus our results may potentially have wide generality.

5.6

Conclusions

The findings of our research suggest that within temperate eucalypt forests the
populations of three common species, namely P. breviceps, A. stuartii and R.
fuscipes, may be reasonably tolerant to the effects of fire frequency. The observed
resilience to frequent fire is most likely due to the variation in fire interval length, in
concert with the varied topography of the study area and the flexible habitat
requirements of these species. We suggest that maintaining temporal variation in fire
intervals will be important for the preservation of animal populations, as has been
indicated in previous research (e.g. Wittkuhn et al., 2011).
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6 THE EFFECT OF FIRE REGIMES AND LANDSCAPE ON HABITAT
STRUCTURE AND MAMMAL POPULATIONS: RESEARCH
SYNTHESIS

6.1

Are the effects of frequent fire on forest structure and fauna influenced by
topographic variability?

Landscape driven variation of fire behaviour has been identified as a potentially
important determinant of patterns of the composition and persistence of biota within
fire prone landscapes (Mackey et al. 2002; Perry et al. 2011; Williams et al. 1994),
though few studies have examined this empirically. This thesis attempted to provide
some insight into the interactive effects that fire and landscape have on fauna, by
assessing the role that topography may play in altering and modulating the effects of
frequent fire on both forest structure and mammal populations. Three studies were
undertaken in order to test several key hypotheses. The present chapter sets out to
summarise the key findings of these studies and their implications for forest
management.

6.1.1

Hypothesis 1: The effect of fire weather, topography and time since fire on
wildfire severity will vary with forest productivity, as determined by mean
annual rainfall

Fire severity patterns within the dry sclerophyll forests examined were found to be
driven by interactions between climate, topography and fuels (Chapter 2), as has
been observed across a range of temperate forest ecosystems (Schoennagel et al.,
2004; Collins et al., 2007; Perry et al., 2011). Fire weather was the main determinant
of fire severity (Chapter 2, Bradstock et al., 2010), with crown fire occurring more
frequently under extreme fire weather (i.e. high temperature, low humidity), as has
been reported in temperate forests elsewhere (Collins et al., 2007; Thompson and
Spies, 2009). Topography and time since fire had secondary effects, with fire
severity typically being lower in gullies, steep slopes and recently burnt (< 5 years)
areas. Mean annual rainfall altered the effect of time since fire, and to a lesser extent
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slope and fire weather, providing support for this hypothesis (Chapter 2). In areas
receiving low annual rainfall, recently burnt sites typically experienced lower fire
severity, due to the low fuel loads associated with recently burnt forest (i.e. < 4
years; Morrison et al., 1996; Penman and York, 2010). In areas of high annual
rainfall, time since fire had little effect on fire severity. Fuel accumulation rates
increase with annual rainfall (Huston, 2003; Govender et al., 2006), and therefore, it
is likely that rapid fuel accumulation within areas of high annual rainfall reduced the
effect of time since fire on fire severity.
Gullies generally experienced lower wildfire severity (i.e. understorey fire) than
ridges (Chapter 2; Bradstock et al., 2010), irrespective of annual precipitation, as was
predicted. The tendency for gullies to experience lower wildfire severity (Kushla and
Ripple, 1997; Thompson and Spies, 2009; Bradstock et al., 2010) and patchier
prescribed burns (Penman et al., 2007) than adjacent ridges within temperate forest
ecosystems, suggests they will play an important role in facilitating the in situ
persistence of fauna following fire (Gill and Bradstock, 1995; Mackey et al., 2002).
Several studies have reported gullies as providing refuge for mammals and birds
following, and presumably during, fires (Lunney, 1987; Smith, 1989; Irvin et al.,
2003; Banks et al., 2011). The presence of such refugia will facilitate the
recolonisation of burnt areas once the surrounding habitat becomes suitable, and may
increase the resilience of populations to local extinction due to fire (Whelan et al.,
2002).

6.1.2

Hypothesis 2: The effect of fire frequency on forest structure (i.e. hollows,
log volume, vegetation complexity) will vary depending on topographic
position (i.e. ridges vs gullies)

Some elements of forest structure were simplified under a regime of frequent fire in
certain parts of the landscape (Chapters 3 and 4), which supports the findings of
other studies that have been undertaken across a range of temperate eucalypt forests
(Catling, 1991; Spencer and Baxter, 2006; Tasker and Bradstock, 2006). Frequent
fire reduced vegetation complexity and the occurrence of hollows in logs, and
increased the risk of collapse for large potentially hollow bearing trees by increasing
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the occurrence of fire scars. However gullies appeared to retain high quality habitat
even when burnt frequently, as was predicted at the outset of the study. Within
gullies, frequent fire did not affect vegetation complexity, and the occurrence of fire
scars was generally low irrespective of fire frequency. These patterns probably
reflect the tendency for gullies to experience fires that are patchy in nature, or even
avoid fire completely. It also seems likely that gullies will retain a high density of
hollow bearing logs irrespective of fire frequency, as logs within gullies had
characteristics that inherently made them more prone to hollow formation, being
larger and more decomposed. Interestingly, the severity of the most recent wildfire
generally had little impact on forest structure (Chapters 3 and 4), which suggests the
cumulative impacts of multiple fires may be more important than the intensity of the
most recent fire. These results suggest that fire sensitive forest structures, such as
structurally complex vegetation and hollow bearing trees and logs, may be retained
in topographic locations which consistently avoid fire, or experience reduced fire
effects, as has been reported in temperate forests elsewhere (Camp et al., 1997;
Mackey et al., 2002; Keeton and Franklin, 2004).

6.1.3

Hypothesis 3: The effect of fire frequency on mammal abundance will vary
depending on (i) topographic position (i.e. ridges vs gullies) and (ii) variation
in local topography

The close association between the composition and abundance of animal populations
and forest structure (Catling et al., 2001; Watson et al., 2001; Tasker and Dickman,
2004; Lassau et al., 2005) suggests that gullies may provide important refugia for
fauna dependent upon structurally complex vegetation and hollows in temperate
eucalypt forests subjected to frequent fire. Very few studies have tested this
hypothesis. Mackey et al. (2002) provided evidence that identified moist topographic
locations as potential sources of fire refugia for arboreal mammals, in particularly
Leadbeater’s Possum Gymnobelideus leadbeateri, within Mountain Ash forests of
south eastern Australia. My thesis has found evidence that the effect of fire
frequency on mammal populations (Antechinus stuartii, Petaurus breviceps) may be
dependent upon topographic context, though these findings were inconclusive due to
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a lack of statistical power (Chapter 5). Hence, these results do not provide clear
support for the proposed hypothesis.
In general it appears that fire frequency had little effect on the abundance of the three
most common small mammals within the temperate forests examined in my study
(Chapter 5), with only male A. stuartii showing a positive response to increasing
length of inter-fire interval. We propose that the complex topography of the study
area, internal variation of the inter-fire intervals within the categories of fire
frequency used in the study and the generally flexible habitat requirements of the
species are the main reasons for the absence of a fire frequency effect. Topography
was generally more influential on these species than fire frequency, with gullies
supporting greater abundance of R. fuscipes, while the abundance of P. breviceps
was greater in flat areas. These patterns probably reflect topographic variation in the
availability of habitat resources, though we were unable to identify the specific
habitat features responsible for these trends.

6.2

6.2.1

Management implications

Impacts of fuel reduction

The findings of this thesis suggest that there may be conflicts between frequent
burning for asset protection and the need to conserve biodiversity, which supports the
conclusions of others (Catling, 1991; Morrison et al., 1996; Gill and Catling, 2002).
Fire severity modelling suggests that prescribed burning will only have a short
temporal window of effectiveness (i.e. < 5 years; Chapter 2; Bradstock et al., 2010),
due to the rapid accumulation of fuels (Morrison et al., 1996; Penman and York,
2010), and may be even less effective (i.e. negligible effect of fuel age) at the higher
end of the rainfall gradient (Chapter 2). However, repeated fires at intervals of less
than ~10 years may reduce vegetation complexity and the availability of hollows
(Chapters 3 and 4). Therefore, simultaneously achieving fuel reduction for asset
protection and conserving biodiversity within the same area is likely to be
problematic (Morrison et al., 1996).
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There appears to be some scope for gullies to provide refugia and preserve complex
forest structure within topographically complex landscapes subjected to frequent
burning by prescribed fire (Chapters 2 - 4). It is likely that animal populations
dependent on complex forest structure will be more affected by changes in fire
frequency in homogeneous landscapes, due to lower density of gullies and riparian
areas (i.e. potential refugia) and a higher probability that these shallow gullies will
burn (Chapter 2). However, as gullies and riparian areas only generally comprise a
small proportion of a landscape (Palmer and Bennett, 2006; Pettit and Naiman,
2007), it is unlikely that preservation of complex forest structure solely within gullies
will be sufficient to prevent landscape scale loss of some animal species dependent
upon this type of habitat. Ridges and gullies also typically support distinct animal
assemblages (Sabo et al., 2005; Lindenmayer et al., 2009b). Therefore, the
maintenance of structurally complex forest on ridges will be of importance for the
conservation of species richness at the landscape scale. Hence, frequent broad-scale
burning of ridges may have detrimental effects, in this regard, in these forested
landscapes.
Fires exceeding suppressible intensity appear to rarely occur within gullies (Chapter
2, Bradstock et al., 2010). Therefore, broad-scale fuel reduction irrespective of
topography may not be the most efficient fire management strategy from a hazard
reduction viewpoint (Bradstock et al., 2010). Focusing fuel reduction activities on
accessible parts of ridges may allow for effective asset protection (Bradstock et al.,
2010), while minimising the extent of frequent burning across the landscape and
associated negative impacts on biota (Morrison et al., 1996). Furthermore, findings
from the fire severity analysis (Chapter 2) suggest prescribed burning may be
ineffective in more productive areas of the landscape. Nonetheless the likelihood that
ridges provide the best strategic location for treatment of fuel using prescribed
burning poses a conundrum in terms of achievement of conservation goals. Careful
use of prescribed fire will be needed to avoid a wide spread regime of high frequency
burning on ridges, with attendant risks to fauna and their habitats. Future studies
investigating patterns of fuel accumulation following prescribed burns across
gradients of precipitation, and the effect they have on fuel hazard and fire intensity,
may be required to shed further light on this problem.
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The capacity for gullies to burn at low intensity or avoid fire completely, and hence
provide refugia, will be dependent upon fuel moisture. During periods of drought
when fuels are desiccated, gullies will be capable of supporting more intense and
complete burns (Pettit and Naiman, 2007). Therefore, it will be important to ensure
that prescribed burns are conducted during periods when there is a high moisture
differential between ridges and gullies (i.e. when gullies have high fuel moisture), as
this will reduce the likelihood of prescribed fires burning down into gullies, which
will help preserve complex forest structure in these locations.
It is important to note that frequently burnt patches with reduced forest structure still
have ecological value, as this habitat can support unique fauna assemblages (York,
2001; Fuhlendorf et al., 2006). Hence, maintaining a mosaic of different fire regimes
(i.e. combinations of frequency and intensity/severity) may increase species diversity
at the landscape scale (Fuhlendorf et al., 2006). The ‘fire mosaic’ concept has
become increasingly popular with fire managers, though little is known regarding the
spatial characteristics of a desirable mosaic and situations where active management
to promote fire mosaics is required (see Parr and Andersen, 2006). Future studies
addressing the scale and thresholds at which frequent fire can be applied across
landscapes while maintaining biodiversity values, and optimal spatial arrangement of
frequently versus infrequently burnt patches, will be valuable in achieving an
appropriate levels of fuel hazard management and biodiversity conservation within
fire prone ecosystems (Bradstock et al., 2005; Parr and Andersen, 2006). Such
insights are needed to advance the concept of ‘fire mosaics’ beyond that of an
ecological cliché (Bradstock et al., 2005; Parr and Andersen, 2006).

6.2.2

Factors potentially affecting the ecological value of gullies

The capacity for gullies to retain complex forest structure and associated animal
populations within fire prone landscapes may be compromised by the direct
alteration of forest structure, or indirectly through the occurrence of high intensity
(severity) fires within gullies. Anthropogenic disturbances (e.g. logging, grazing,
land clearing) have the potential to directly alter forest structure (Tasker and
Bradstock, 2006; Eyre et al., 2010) and consequent fuel load and dryness within
112

riparian areas (Dwire and Kauffman, 2003). Furthermore, climate change has the
potential to alter fire regime characteristics across these temperate eucalypt forests
(Bradstock, 2010).
Intensive timber harvesting was found to alter the availability of hollows and the
volume of logs in my study (Chapter 3 and 4). The availability of hollow bearing
trees was reduced by intensive logging (Chapter 3 and 4), a widely known
phenomena (Eyre et al., 2010; Remm and Lõhmus, 2011; Robles et al., 2011). Log
volume and the number of hollow logs increased with logging intensity, due to
logging residue being left onsite (Chapter 3 and 4). However, it is expected that
longer term (i.e. decades – centuries) deficits in log volume and hollow logs will
occur due to a reduction of log input associated with the removal of large trees, and
the rapid decomposition of logging residue (Sturtevant et al., 1997; Grove, 2001;
Webster and Jenkins, 2005). Successive cycles of timber harvesting continued over
long periods are also likely to reduce mean tree size and hence the availability of
hollow trees and input of large, hollow logs, unless harvesting intensity is carefully
managed to ensure the continued provision of these structures.
The creation of canopy gaps associated with the felling of trees may alter fuel
characteristics within moist forests, through changes in microclimate and stand
structure (Lindenmayer et al., 2009a). Canopy gaps associated with selective logging
can increase the rate of drying of fuel, and hence reduce the number of rainless days
required before fuels can support fire (Holdsworth and Uhl, 1997). Post logging
regrowth may reduce desiccation rates of litter fuels (Holdsworth and Uhl, 1997),
though associated changes to fuel structure may increase fire risk (Lindenmayer et
al., 2009a). Logging slash increases the amount of downed coarse and fine fuel
(Donato et al., 2006), which consequently may increase burn extent (Penman et al.,
2007) and fire intensity (Stephens, 1998). Therefore, timber harvesting may increase
the flammability of fuels within moist forests (Lindenmayer et al., 2009a), such as
those present within gullies of our study area. Future research that examines the
effect of harvesting intensity on fuel characteristics (i.e. structure and desiccation)
and wildfire behaviour is recommended, in order to identify logging regimes that will
maintain the ecological value of gullies as fire refugia for plants and animals.
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Climate change has the potential to alter fire regimes within south eastern Australia
by altering both fuel characteristics (i.e. biomass and moisture) and fire weather
(Bradstock, 2010). Predicted declines in moisture availability (i.e. decreasing
rainfall, increasing evaporation) for south eastern Australia may lead to reduced rates
of fuel accumulation and biomass (Bradstock, 2010), though predictions based on
fuel accumulation models suggest fuel loads may not be significantly reduced
(Penman and York, 2010).
The occurrence of ‘extreme’ (i.e. Forest Fire Danger Index > 50) fire weather is
predicted to increase in south eastern Australia under current climate change
scenarios (Hennessy, 2005; Lucas et al., 2007), as is the length of the fire season
(Clarke et al., 2011). This is predicted to lead to increased occurrence of large severe
wildfires within temperate eucalypt forests (Cary and Banks, 2000; Bradstock et al.,
2009; Bradstock, 2010). Fires burning under ‘extreme’ fire weather are generally of a
greater severity (Chapter 2, Bradstock et al., 2010), and can have a more
homogeneous burn pattern (Figure 6.1). Therefore, based on climate change
predictions, it is possible that the frequency of crown fire across temperate forest
ecosystems will increase under these climate change scenarios. The results of this
thesis suggest that variation in the severity of the most recent wildfire had relatively
little effect on forest structure (Chapters 3 & 4) or animal populations (Chapter 5) at
the time of sampling. However, this does not necessarily indicate that increasing
occurrence of crown fire will have little impact on animal populations and their
habitat, as we did not assess the effects of a regime of multiple crown fires.
Furthermore, under ‘extreme’ weather there is a greater likelihood of fire entering
into tree canopies within gullies. Hence, the spatial grain of fire refugia across
temperate eucalypt forests may be altered under climate change (Figure 6.1). Future
studies examining the impact repeated crown fire on forest structure and biota within
gullies will help assess the potential ecological effects of these altered fire regimes.
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Figure 6.1 Aerial photograph taken within the study area following the 2001/02
Hylands fire. Forest above the red line burnt largely during moderate fire weather
conditions whereas the area below burnt largely during a major fire run (i.e. extreme
weather conditions). Note the general lack of unburnt canopy in the areas burning
under extreme conditions. Source: NSW Office of Environment and Heritage.
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APPENDIX 1 FOREST STRUCTURE SURVEY EFFORT
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Appendix 1 The number of sites surveyed for each of the response variables
recorded in Chapter 3.
Tree hollows
Number of

49

Tree hollows Fire scars

Vegetation

(E. pilularis)

complexity

30

44

Log volume

49

44

sites
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Appendix 2 Grouping of tree species based bark characteristics and heartwood
durability. Different groupings were used for (a) hollow analysis and (b) fire scar
analysis. Information on bark characteristics and heartwood durability was obtained
from Boland et al., (2006).
Group

Bark

(a) Hollow presence
DEAD
FULL
Finely fibrous or flaky
bark persistent to
small branches
STR
PART

EXDUR

Stringy bark
persistent to small
branches
Rough bark on the
trunk and/or large
branches or
completely smooth
bark
Rough bark persistent
to small branches

Heartwood
durability
Moderate

Moderate

Species
Dead trees
Corymbia gummifera, Eucalyptus
piperita, E. scias, E. consideniana,
Angophora floribunda, E. robusta, E.
botryoides
E. agglomerata, E. globoidea, E.
muelleriana

Moderate

E. pilularis, E. saligna x botryoides, C.
maculata, E. seiberi, E. sclerophylla, E.
puncata, E. longifolia

Extreme

Syncarpia glomulifera, E. paniculata

(b) Basal damage
FIBR
Finely fibrous or flaky
bark at base

-

STR

Stringy bark at base

-

SMTH
HARD

Smooth bark at base
Rough bark which is
hard, compacted and
deeply furrowed at
the base of the tree
Thick fibrous bark at
base

-

C. gummifera, E. piperita, E. scias, E.
consideniana, A. floribunda, E. robusta,
E. botryoides, E. saligna x botryoides, E.
longifolia
E. agglomerata, E. globoidea, E.
muelleriana, E. pilularis
C. maculata, E. puncata, E. sclerophylla
E. paniculata, E. seiberi

-

S. glomulifera

TURP
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APPENDIX 3 COMPETING MODELS FOR THE ANALYSIS OF FOREST
STRUCTURE
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Appendix 3 Competing multiple regression models for the analysis of (a) the
number of hollow bearing trees (ha-1), (b) the volume of logs showing extensive
decomposition (m3ha-1), (c) the volume of logs showing minor decomposition (m3ha1
) and (d) cumulative vegetation cover (%). Preferred models are presented in bold.
Model terms
a) Number of hollow bearing trees (ha-1)
STUMPS+FSEV+FREQ+FREQ*STUMPS
STUMPS+TOPOS
STUMPS+FSEV+TOPOS+FSEV*STUMPS
STUMPS+FSEV+FSEV*STUMPS
STUMPS+FSEV
STUMPS+FSEV+TOPOS
STUMPS+FSEV+FREQ
STUMPS+FSEV+TOPOS+FREQ*STUMPS
STUMPS

P-value

R2 adj

AIC

∆AIC

0.0163
0.0131
0.0205
0.0200
0.0184
0.0234
0.0262
0.0258
0.0209

0.1981
0.1358
0.1574
0.1408
0.1228
0.1343
0.1465
0.1890
0.0894

210.57
210.69
211.27
211.33
211.42
211.70
211.90
211.93
212.31

0.00
0.13
0.71
0.76
0.85
1.13
1.34
1.37
1.74

b) Volume of logs with extensive decomposition (m3ha-1)
TOPOS+BACS
0.0000
TOPOS+BACS+FSEV+FSEV*BACS
0.0000
TOPOS+BACS+BACS*TOPOS
0.0000
TOPOS+BACS+FSEV
0.0000

0.5281
0.5336
0.5209
0.5171

194.36
195.65
195.94
196.28

0.00
1.29
1.58
1.92

c) Volume of logs with minor decomposition (m3ha-1)
TOPOS
FSEV+TOPOS
FSEV
TOPOS+BACS
FSEV+BACS
FSEV+TOPOS+BACS
FREQ+TOPOS+BACS+FREQ*TOPOS
BACS
BACS+TOPOS+BACS*TOPOS
FSEV+TOPOS+FSEV*TOPOS
FREQ+TOPOS+BACS

0.0501
0.0604
0.0540
0.0655
0.0685
0.0807
0.0730
0.0930
0.1222
0.1235
0.1167

0.0666
0.0854
0.0638
0.0818
0.0798
0.0898
0.1361
0.0435
0.0683
0.0677
0.0835

174.34
174.38
174.47
174.56
174.65
175.08
175.36
175.42
176.11
176.14
176.27

0.00
0.04
0.13
0.22
0.31
0.74
1.02
1.08
1.78
1.80
1.94

0.0001
0.0001
0.0002
0.0003

0.3897
0.3679
0.3687
0.3776

454.80
455.68
456.46
456.58

0.00
0.87
1.66
1.78

d) Cumulative vegetation cover (%)
TOPOS+FREQ+STUMPS+TOPOS*FREQ
TOPOS+FREQ+TOPOS*FREQ
TOPOS+FREQ+FSEV+TOPOS*FREQ
TOPOS+FREQ+FSEV+STUMPS+
TOPOS*FREQ
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APPENDIX 4 COMPETING MODELS FOR THE ANALYSIS OF TREE
HOLLOW AND FIRE SCAR PRESENCE
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Appendix 4 Competing generalised linear mixed models for the analysis of (a)
hollow presence for the mixed species dataset, (b) hollow presence for the E.
pilularis dataset and (c) the presence of fire scarring across all species. Preferred
models are presented in bold.

Model
a) Hollow presence mixed species
DBH+COND+FSEV+TOPOS+FREQ+DBH*COND+COND*FSEV+
DBH*FSEV
DBH+COND+FSEV+TOPOS+FREQ+DBH*COND+COND*FSEV+
DBH*FSEV+DBH*COND*FSEV
DBH+COND+FSEV+TOPOS+FREQ+STUMP+DBH*COND+
COND*FSEV+DBH*FSEV
DBH+COND+FSEV+TOPOS+FREQ+STUMP+DBH*COND+
COND*FSEV+DBH*FSEV+DBH*COND*FSEV
DBH+COND+FSEV+TOPOS+DBH*COND+COND*FSEV+DBH*FSEV
DBH+COND+FSEV+TOPOS+DBH*COND+COND*FSEV+DBH*FSEV+
DBH*COND*FSEV
DBH+COND+FSEV+TOPOS+FREQ+DBH*COND+COND*FSEV
DBH+COND+FSEV+TOPOS+DBH*COND+DBH*FSEV

AIC

∆AIC

770.01

0.00

770.07

0.06

771.20

1.19

771.27

1.26

771.73
771.83

1.72
1.82

771.92
773.29

1.91
3.28

b) Hollow presence E. pilularis
DBH+COND+FSEV+TOPOS+DBH*COND+COND*FSEV
DBH+COND+FSEV+TOPOS+STUMP+DBH*COND+STUMP*FSEV
DBH+COND+FSEV+TOPOS+DBH*COND
DBH+COND+FSEV+TOPOS+STUMP+DBH*COND+COND*FSEV

214.29
214.66
216.10
216.26

0.00
0.37
1.81
1.97

c) Basal damage
DBH+BARK+FREQ+TOPOS
DBH+BARK+FREQ+TOPOS+FSEVT+FREQ*FSEVT
DBH+BARK+FREQ+TOPOS+DBH*TOPOS
DBH+BARK+FREQ+TOPOS+FSEVT
DBH+BARK+FREQ+TOPOS+FSEVT+DBH*TOPOS
DBH+BARK+FREQ+TOPOS+FSEVT+FSEVT*TOPOS
DBH+BARK+FREQ+TOPOS+FSEVT+STUMP+FSEVT*FREQ
DBH+BARK+FREQ+TOPOS+STUMP

742.89
742.94
743.32
743.68
744.13
744.14
744.48
744.63

0.00
0.05
0.43
0.79
1.24
1.25
1.59
1.74
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APPENDIX 5 SUPPLEMENTARY MATERIAL FOR CHAPTER 5
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Methods

Generalised estimating equation specifications
Generalised estimating equations were used for the Petaurus breviceps and Rattus
fuscipes datasets, to account for the correlated nature of the repeated measures at
each site .A model based variance estimator was used in the analysis, as this type of
estimator typically performs better when the number of clusters (i.e. sites) is small
(i.e. ~ 20) (Norusis, 2007). The performance of both exchangeable and unstructured
correlation matrices were initially compared using quasi likelihood under
independence model criterion (QIC). No difference was detected between the
matrices, so the unstructured matrix was utilised for the analysis. The Wald Chi square test statistic, which is a maximum likelihood version of a t – test, was used to
assess whether the effect of model parameters was significant (Quinn and Keough,
2002). A Type III test was used as the entry order of variables will not affect this
statistic (Norusis, 2007).

Poisson regression specifications
Poisson generalised linear models were used to for the female A. stuartii dataset.
Model effects were tested using a Type III Wald Chi - square test, as the entry order
of variables will not affect this statistic (Norusis, 2007).

Multiple regression specifications
Multiple regression was used to for the male A. stuartii dataset. Model effects were
tested using the F – statistic. A Type III sum of squares was used to test model
effects, as the entry order of variables will not affect this statistic.

Tests of statistical assumptions
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The distribution of fauna abundance data were initially assessed visually using
histograms and normal quantile plots, and the mean and variance were calculated.
Counts for Rattus fuscipes and Petaurus breviceps did not follow a normal or
Poisson distribution, and were hence assessed using a negative binomial distribution.
Counts for female Antechinus stuartii followed a Poisson distribution (mean = 3.27,
variance = 3.96). Counts for male Antechinus stuartii were approximately normal
based on the Shapiro Wilks normality test (W = 0.9358; p = 0.1063).
Predictor variables were assessed for normality visually using scatterplots and
histograms and statistically using Shapiro Wilks normality test. Transformations
were applied to several predictor variables to improve model fit. These
transformations are specified in the manuscript (Table 5.1). Correlations between
predictor variables were assessed using scatterplot matrices and Pearsons correlation
coefficient (Table S1). Multicollinearity between predictor variables was examined
using the variance inflation factor. Multicollinearity only appeared to be an issue
between variables measuring the same attribute (i.e. FREQ and RINT, DEM300 and
DEM500). Correlated variables or variables showing signs of multicollinearity were
not included in the same model. Plots of residuals vs predicted values were examined
for the selected multiple regression models and generalised estimating equations to
assess model fit and identify potential outliers.

Table S1 Correlations between disturbance variables used in analysis of abundance
of ground dwelling and arboreal mammals. Values with p<0.05 are presented in bold
Arboreal mammals

RINT
FSEV
STUMP
DEM300

Ground dwelling mammals

RINT
FSEV
STUMP
DEM300

FSEV
0.065

STUMP
0.087
-0.137

DEM300
-0.196
0.093
-0.032

DEM500
-0.233
0.072
-0.083
0.935

0.150

0.175
-0.031

-0.340
0.003
0.141

-0.388
0.009
0.124
0.921
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